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ABSTRACT
Chemical Evaluation and Biological Vitamin A Activity
of the Major Carotenoids in the
Hybrid Carrot Beta III
by
Cynthia M. Schweitzer
Major Professor: Dr. Carol T. Windham
Department: Nutrition and Food Sciences
Genetically enhanced high-carotene Beta

III

hybrid carrot was

compared to a commercial carrot cultivar, Nantes Careless, for carotene
content and macronutrient composition.
twice

the

total

carotene

carotene/ s -carotene

ratios

content
higher

Beta III contained more than
of

in

Nantes

Beta

III.

Careless,
Total

with

solids

a-

from

protein, lipids, and carbohydrate were greater in Beta III than in
Nantes Careless.

Beta III contained about five times the amount of

sucrose and one-fifth the amount of glucose and fructose than Nantes
Careless or reported literature values.
Comparison of the bioavailability of carotenes in Beta III and
Nantes Careless to purified B-carotene and retinyl acetate standards was
made using two bioassays:

the 1iver storage, slope-ratio assay and a

curative

Beta

equivalent

growth
to

study.

stores

provided

III
by

retinyl acetate at dosage 300 RE.

provided
Nantes

liver

retinol

stores

Careless, s-carotene,

and

At 600 RE, only retinyl acetate

incredsed liver retinol storage with dose.

Carotene sources did not

xiii
increase liver retinol storage, presumably owing to the mechanisms that
prevent carotene vitamin A toxicity.
Growth study results indicated vitamin A potency of Beta III was
not equivalent to that provided by retinyl acetate.

Slopes of the

growth response curves for Nantes Careless and s-carotene were not
significantly different from retinyl acetate; the slope of the Beta III
growth response curve was significantly different.

All carotene sources

were similar to retinyl acetate in the curvilinear response of the
growth curves.

The appropriate fit of the quadratic function to the

growth response curves suggested 12 RE/d was greater than requirement.
The differences in results of the two bioassays used to determine
bioavailability of carotenes in Beta III may be explained by a number of
factors.

The utilization of 8-carotene from Beta III may be affected by

a-carotene or other carrot constituents for absorption or conversion to
vitamin A, or both.

Stored liver retinol may be a combination of

retinol and a-retinol with reduced vitamin A activity.

The growth assay

may be more sensitive to external variables that cannot be controlled.
(143 pages)

INTRODUCTION
In 1985, in a historic first, the President of the National Academy
of Sciences rejected the report of the committee for the tenth edition
of the universally used Recommended Dietary Allowances (RDA).

The RDA

reports have been issued at five-year intervals since 1941, yet the most
recent edition, which was due to be published in 1985, still has not
emerged.

One of the principle reasons is that the National Cancer

Institute (the major supporter of the 1985 RDA study) has been promoting
higher vitamin A intakes as a preventat i ve measure for certain types of
cancer, while at the same time the RDA committee has been recommending a
lower RDA for vitamin A.
Centra 1 to the refusa 1 by the president of the Academy to accept
the committee report was controversy over quantitative determination of
intake and, thus, requirement of vitamin A.

It appears that neither the

National Cancer Institute nor the RDA committee recognizes that the
limitations of existing vitamin A and

carotene

analysis

and

data

preclude definitive recommendations.
The vitamin A and carotene values reported in the standard USDA
handbooks of food composition need re-examination in view of modern
methods of analysis.

Newly developed, high-carotene food sources have

been developed for assuring higher dietary intakes of vitamin A.

The

extent to which the carotenes are vitamin A active and the ability of
animals and humans to assimilate the vitamin A precursors need careful
examination

using

improved

analytical

understand the vitamin A nutriture.

methods

in

order

to

better

2

The United Nations (1985) Ten-Year Action Programme for Prevention
and Control of Vitamin A Deficiency stresses that increased dietary
intake

of vitamin

A is

the

long-term solution

to

preventing

controlling vitamin A deficiency in the developing world.

and

At the 1985

International Nutrition Conference on Vitamin A Deficiency sponsored by
the

International

Vitamin A Consultive Group

(IVACG 1985),

it was

recognized that there is clear need for efforts to increase dietary
intake of natural sources of vitamin A.
At approximately the same time in the United States, the Committee
on Diet, Nutrition, and Cancer of the National Research Council (1982)
was commissioned to conduct a comprehensive study of the scientific
information pertaining to the relationship of diet and nutrition to
cancer.

After

intensive

review

of

the

state

of

knowledge

and

information on vitamin A and cancer, this committee concluded that there
is sufficient evidence to suggest that foods

rich

in carotenes or

vitamin A are associated with reduced risk of cancer.

Interest in

carotenoid metabolism in particular has expanded with the continuation
of epidemiological reports associating reduced risk of certain cancers
with

the consumption of carotenoid-containing foods

Initially,

s-carotene was presumed to be the active agent, possibly

through its role as provitamin A.
benefits

(Ziegler 1989).

of

8-carotene and

Recent investigations suggest the

other carotenoids are due

to different

biologic actions, independent of their function as vitamin A (Krinsky

1989).
Vitamin A is required by humans for several physiologic functions,
including vision,

reproduction, epithelial

growth, and general health (Olson 1987).

maintenance, growth, bone

Prolonged inadequate intake of

3

vitamin A results in death.

The prevalence of vitamin A deficiency has

contributed to its status as the primary cause of blindness worldwide
(Pitt 1985).

Each year, hundreds of thousands of children in developing

countries are affected.

Dietary deficiency of vitamin A occurs in the

developing world as well, predominating in black and Hispanic population
groups in the United States (Anonymous 1985).

Inadequate vitamin A

intake is considered the second most common nutritional deficiency in
the world after protein-calorie malnutrition (Anonymous 1985, Mclaren
1986).
Carotenoid-containing
dietary vitamin A,

foods

contribute

significant

amounts

of

ranging from about 50 % of vitamin A intake

in

developed countries to 80% of intake in developing countries
1985).

(Pitt

Dietary intake records indicate the carrot, as a single source,

provides about 9% of the total vitamin A in the American diet (Satcher
and Nichols 1984, Block et al.

1985).

Food disappearance data show

carrots, tomatoes, and sweet potatoes provide 29% of available vitamin A
in the U.S. food supply (13.9 %, 9.5%, and 5.6%, respectively) (Senti and
Rizek

1975).

In

addition,

vegetables

have proven

to

be

the most

economic source of vitamin A in the U.S. (U.S. Department of Health and
Human Services and U.S. Department of Agriculture 1986).
Realizing the important contribution that food crops make to the
nutritional value of the American diet, the Food and Drug Administration
adopted a regulation to prevent a significant reduction in nutrient
content and a significant increase in natural toxicants as a result of
the development of new crop varieties (Senti and Rizek 1975).

Carrots

became one of the food crops monitored for their contribution of vitamin

4

A,

and

horticulturists

began

to

develop

new

carrot

hybrids

with

increased carotene content.
The hybrid carrot Beta III was released in 1986 for garden cultivar
and as an enhanced source of carotenes to provide dietary vitamin A
(Peterson and Simon 1988).

Beta III has two to three times the normal

amount of the principal carotenes,

a-

and s-carotene.

The introduction

of a carrot with twice the amount of vitamin A could significantly
impact the vitamin A status of consumers.

However, chemical analysis of

a new food crop does not adequately determine the physiologic response
of its components.

Critical to improved knowledge about carotenoids in

foods are (1) accurate analysis of cctrotenoid composition and
metabolism in higher-order animals.
Chromatography

(HPLC)

techniques

(2)

Recent High Performance Liquid
have

made

precise

analytical

measurements possible and will improve existing food composition tables
(Beecher and Khachik 1984).

Despite years of investigation, definitive

action of carotenoids in absorption and conversion to vitamin A is
unknown (Erdman 1988).

The best assessment of biological vitamin A

activity

utilizes

of

carotenes

animal

bioassays

for

a

reasonable

of Beta III to provide an economical

source of

prediction.
The potential

vitamin A needs to be determined, beginning with proper evaluation of
the bi oava i lability of vitamin A present in the form of concentrated
carotenes.

Specific objectives of this project were to (1) determine

the macronutrient composition of Beta III and compare to a regular
commercial carrot, Nantes Careless; (2)

identify and quantitate the

carotenoid content in Beta III and Nantes Careless; and (3) evaluate the

5
biological vitamin A activity in Beta III compared to Nantes Careless
using purified 8-carotene and retinyl acetate as standards.

6

REVIEW OF LITERATURE
Importance of Carotenoids
The carotenoids are a group of pigments named for the food in which
they predominate and were first identified, the carrot root, Daucus
carota (Klaui and Bauernfeind 1981).

In addition to their role as

pigments, carotenoids are known to possess biologic activity.
Role as a Nutrient
Some carotenoids can be converted to retinol, the active form of
vitamin A, and are,
vitamin A.

thus,

considered provitamins or precursors to

Approximately 563 carotenoids have been identified, but only

about 60 function as provitamin A (Klaui and Bauernfeind 1981, Olson
1989a).

Activity is dependent on the presence of the unique structure

of the 8-ionone ring and the conjugated double-bond system found in
retinol.

The most commonly occurring carotenoids in plant foods are 8-

carotene, a.-carotene, y-carotene, lycopene, and lutein.

8-Carotene is

the most prevalent plant food carotenoid and has the greatest vitamin A
activity of all precursors.

Lycopene and lutein are not active as

vitamin A.
Role as an Anti-Oxidant
Several
properties.

characteristics

of

carotenoids

provide

anti-oxidant

These characteristics include the ability to break the

chain of lipid peroxidation at the low oxygen partial pressures found in
mammalian tissues (Burton 1989) and the ability to quench singlet oxygen
and free radicals (Mathews-Roth 1987).

7

Role in Light Sensitivity
Carotenoids participate in photosynthesis by absorbing light at
wavelengths lower than chlorophyll , then transferring light energy to
chlorophyll
1981).

for

additional

energy

fur

photosynthesis

(Mathews-Roth

Less is known about a role for carotenoids in phototaxis and

phototropism.

Carotenoids

are

also

known

to

protect

plants

and

microorganisms from the harmful effects of light; this knowledge was
used to develop successful

treatments for humans with photosensitive

diseases (Mathews-Roth 1987).
Role in Immune Response
Carotenoids (specifically s-carotene) aid in the immune response in
several ways.

They maintain membrane receptors for immune function,

protect macrophaye receptors for antigens to present to T and B cells,
promote proliferation of T- and B-lymphocyte cells,
killing

cells,

and

secrete

factors

immunocompetent cells (Bendich 1989a).

for

the

enhance tumor-

communication

between

Some of these actions may be

related to the anti-oxidant function of carotenoids.
Role in Reproduction
Evidence

suggests

carotenoids,

specifically

S-carotene,

are

important in reproduction in bovine animals (Bauernfeind et al. 1981).
Observation of an accumulation of S-carotene in the corpora lutea of
cattle led to feeding trials with s-carotene and vitamin A.

In female

animals not supplemented with s-carotene, ovulation is delayed, corpora
lutea development is delayed, cystic degeneration on ovaries appears,
and

a

decrease

in

conception

is

noted.

Likewise,

in

animals

supplemented with s-carotene, ovulation is timely, incidence of corporo

8

lutea and follicular cysts is lower, and percentage of pregnancies is
higher.
Role in Cancer Prevention
Epidemiological studies have associated intake of vitamin A and
carotenoid-containing foods with reduction or prevention of certain
types of cancers (Ziegler 1989).

These studies assumed the active

factor to be s-ea rotene or other carotenes.

The effect may be related

to the anti-oxidant properties of carotenoids.

Olson (1989a) rej.Jorted

that carotenoids are protective against some neoplasms.

Animal studies

have demonstrated prolonged latency of tumor inducement with S-carotene
and canthaxanthin, independent of vitamin A activity (Krinsky 1989).
Role of Pigment as a Surgical Aid
Ingestion of s-carotene provides color to atherosclerotic plaques,
enhancing their detection for removal by laser surgery (Bendich 1989b).
Vitamin A
Definition
Vitamin A is a generic term for s-ionone derivatives, other than
carotenoids, that have the biological activity of all-trans-retinol.
Vitamin A is an essential nutrient for mammals and, therefore, must be
obtained through diet.

There are several forms of vitamin A, including

retinol, retinal, retinyl esters, and retinoic acid.

Retinoic acid does

not possess all biological functions of vitamin A, possibly due to its
oxidation state.

Retinol can be oxidized to retinoic acid; however, the

reverse is not true.

Some carotenoids can be converted to vitamin A.

9

Food Sources
In

the

United

States,

preformed

vitamin A and the carotenoid

precursors contribute approximately equally to the dietary intake of
vitamin A.

In third-world countries such as the Phillipines, as much as

80% of the dietary vitamin A intake is provided by carotenoid precursors
(Mclaren 1986).
Retinyl esters comprise the major preformed vitamin A component of
the diet and are found in large quantities in kidney, liver, and fish
liver oils (Olson 1987).

Other sources of preformed vitamin A include

dairy products (improved by fortification) and eggs.
Carotenoid precursors are abundant in yell ow-orange fruits
vegetables and dark green and leafy vegetables.

and

Concentrated sources

include carrots, sweet potatoes, squash, and greens such as spinach and
kale.
The actual

vitamin A contribution of a food is related to its

frequency of consumption.

Food disappearance data show that for more

than a decade (1972-1984), certain foods were remarkably constant in
providing most of the carotenoid vitamin A in the United States.

These

foods were carrots, tomatoes, sweet potatoes, cantaloupe, spinach, and
lettuces (Lachance 1988, Senti and Rizek 1975).
Functions
Vitamin A activity is required for several physiologic functions,
including

vision,

growth,

epithelial

secretion,

reproduction, and health.

tissue

maintenance,

mucus

With the exception of vision,

these and several other roles of vitamin A are not well delineated nor
understood.

Usually a function

is implied by the association of a

response observed during vitamin A deficiency.

10
Vision.

The role of vitamin A in vision is well defined.

Wald

(1960) outlined the events of visual excitation related to vitamin A
compounds and discussed their unique role as visual

pigments.

The

molecular actions that occur between isomerization of 11-cis-retinal and
production of a nerve impulse were elucidated by Stryer (1987).
The retina of the eye contains two types of light receptors:
and cones.

rods

Rods are responsible for black and white vision in dim

light, cones for color vision in bright light.

Within the rod cell, the

photoreceptor for light is rhodopsin, made up of the protein opsin and
11-cis-retinal.
retinol

Retinal

catalyzed

by

is reversibly formed by the conversion of
alcohol

dehydrogenase

through

a

series

of

reactions.
When a photon of light is absorbed by 11-cis-retinal, the molecule
is

straightened

activated.

to

the

all-trans-retinal

and

rhodopsin

is

This begins a cascade of reactions that ultimately produces

cyclic guanosine monophosphate (cyclic GMP).
for causing
potential

form,

sodium channels

of the cell

electrical response.

to

Cyclic GMP is responsible

close, which

and transforms

changes

the chemical

the electric

response to an

The resulting nerve impulse is carried to the

brain, and vision is produced.
Growth.

It

is well

growth in higher animals.

recognized that vitamin A is required for
Studies of weanling animals consuming vitamin

A deficient diets demonstrated decreased rate of weight gain when body
vitamin A stores were depleted (Underwood 1984).

An increase in body

weight or growth rate is directly proportional to vitamin A utilization
(Zile et al. 1979).
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Growth results from an increase in cell size, cell number, or both.
Zile and associates (1979) determined that the physiological action of
vitamin A on

growth

is

d;: to cellular proliferation.

Vitamin A

deficiency caused a reduction in cell number, as indicated by reduction
in total DNA in several tissues including liver, testes, thymus, spleen,
submaxillary glands,
indicated reduced

and sublingual

glands.

numbers of epithelial

A previous study also

tissue cells

in

vitamin A

deficiency (Zile et al. 1979).
Epithelial maintenance and mucus secretion.

The largest quantities

of mucopolysaccharides are secreted in the mucous epithelium and the
extracellular matrix of cartilage, although secretions occur in almost
every tissue of mammals (Wolf and Johnson 1960).

In vitamin A deficient

animals, epithelial tissues such as the intestinal mucosa function in
secretion,

mucus

atrophy,

and

lose

goblet

keratinized tissue similar to the epidermis.

cells,

resulting

in

In contrast, nonmucus-

secreting epithelial tissues (e.g., skin) without goblet cells become
hyperkeratinized.

Tissues

(respiratory,

genito-urinary tracts)

with

both cell types also lose their ability to secrete mucus and, thus,
become

keratinized.

protection

afforded

The
the

loss

of

epithelial

integrity (Underwood 1984).

mucus
tissues

secretions
and

destroys

compromises

the
their

In this way, vitamin A deficiency may

increase susceptibility to infections and diseases.
Other mucus-secreting tissues such as cartilage respond to vitamin
A deficiency by increased osteoblast activity, producing larger, softer
bones (Wolf and Johnson 1960).
Reproduction.
system.

Vitamin A plays several roles in the reproductive

Similar to its role in epithelial

maintenance,

retinol

is
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needed for the maintenance of reproductive tissue epithelia (Underwood
1984).

Retinol is required by males for sperm formation and maturation

(Goodman 1984) and by females for embryonic and fetal development, full
gestation, and delivery (Underwood 1984).

Testosterone production is

severely impaired in vitamin A deficiency (Porter et al. 1986).
Other functions.

Retinol has been shown to participate in glycosyl

transfer of mannose from retinyl glycolipid to membrane glycoproteins
(Goodman 1980).

This could be one way in which vitamin A participates

in cellular differentiation (Underwood 1984).
Vitamin
metabolism.

A appears

to

play

an

indirect

role

in

carbohydrate

In vitamin A deficiency, glycogen synthesis from acetate,

lactate, and glycerol was impaired, presumably due to reduced steroid
production, particularly the glucogenic hormones, in the adrenal gland
(Johnson and Wolf 1960).
Nuclear action.

The molecular basis for vitamin A action in

cellular differentiation is not clear.
acts directly on gene expression.
retinol

There is evidence that vitamin A

Porter et al. (1986) reported that

influences DNA transcription in the nucleus and affects RNA

synthesis through alterations in the chromatin template.

New messenger

RNA is produced, giving rise to new proteins in the cell.

Observations

that

cellular

retinol

binding

protein

(CRBP)

delivers

retinol

to

specific receptor sites in the nucleus without itself being bound
support this role of retinol.
specific

glycoproteins

that

The role of retinol in production of
influence

investigated (Porter et al. 1986).

gene

expression

is

being
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Metabolism of Carotenoids and Vitamin A Compounds
Much

of

the

information

reyarding

carotenoid

and

vitamin

A

metabolism was determined using laboratory animals, particularly rats.
The Recommended Dietary Allowance (RDA) conversion factors of carotenes
to vitamin A for humans were based on rat studies.
Absorption and Conversion of
Carotenes to Retinol
The digestive process prepares lipid materials for absorption by
secreting bile into the small intestine.

Bile salts are responsible for

emulsifying fat substances into micelles, thus increasing the surface
area

for

enzyme

incorporated

action.

Carotenes

and

vitamin

A substances

are

into these micelles along with other lipid materials.

Thus, the amount of fat in the diet and the presence (or absence) of
bile salts influence the absorption of carotenes and vitamin A.
Retinol.

Dietary retinyl esters are hydrolyzed in the intestinal

lumen, and both the newly formed retinol and fatty acids are absorbed by
the mucosal cell.

El-Gorab et al. (1975) reported the necessity of bile

salts to enhance the absorption of retinol.

The transport of vitamin A

across the intestinal wall is also energy dependent (Ganguly 1960).
In the mucosal cell, retinol is re-esterified to long-chain fatty
acids, with retinyl palmitate and stearate comprising 80% of the total
ret i nyl esters (Goodman et a 1. 1966).

He 1gerud and associates ( 1983)

determined that the esterification process is aided by a microsomal
acyl-Coenzyme
associates

A

( CoA): reti no 1

However,

acyl transferase.

(1987) found that cellular retinol

Ong

binding protein

and
(CRBP

[II]) participates in the esterification reaction, and acyl-CoA does not
transfer the acyl group to the retinol-CRBP (II).

Ong et al. (1987)
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speculated the acyl source to derive from the a-position of lecithin
present in microsomes.

Irrespective of the mechanism, the newly formed

retinyl esters are transported in the chylomicron fraction of the lymph,
then, via the thoracic duct, to the general circulation.
Carotenes.

Some 20 to

3m~

of carotenoids are absorbed intact in

humans and associate with the lymph chylomicron fraction for transport
to the body (Goodman et al. 1966).

There is considerable variability in

the amount of carotenes that humans absorb, with 25-75% of intake
reportedly being excreted in the feces (Goodwin 1984).

In contrast,

rats are more efficient at converting

retinol

carotenoids

to

and

generally do not absorb intact carotenoids beyond their intestinal
mucosa (Goodman et al. 1966).

About 50% of s-carotene intake absorbed

by the rat is converted to retinol, with a minimum of 10-15% excreted in
the feces (Goodwin 1984).
The majority of carotenoids are absorbed in the upper third of the
intestinal mucosa, where the compounds are cleaved by S-carotene-15-15'dioxygenase enzyme to form retinal

(Olson 1961).

Bile salts play a

major role in the absorption and cleavage of carotenes by presenting the
hydrophobic substrate to the hydrophilic enzyme for action (Olson 1961).
The maximum activity of dioxygenase has been calculated to be sufficient
to meet the nutritional need for vitamin A but not excessive to induce
hypervitaminosis A (Olson 1989b).

A homeostatic control mechanism for

carotene cleavage is suggested because the dioxygenase enzyme is more
active in depleted rats than in vitamin A sufficient rats.

Under

conditions where dietary protein is limited, dietary carotenes may also
induce dio xygenase activity (Olson 1989b).
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Retinal

is

reduced to

retinol

by

the action of retinaldehyde

reductase and esterified to fatty acids (Goodman 1984).

The retinyl

esters are predominately palmitate and stearate, regardless of the fatty
acid composition of the diet or the source of the retinol (Huang and
Goodman 1964).

The retinyl esters associate with chylomicrons and are

transported, via the lymph system, to the general vascular circulation.
Humans and rats are very similar in their processing of vitamin A and
carotenes for absorption (Goodman et al. 1966).

A small amount of the

retinal from carotene cleavage can be oxidized to retinoic acid, which
is transported directly to the vascular system (Goodman 1980).
Disagreement exists as to whether the specific cleaving action of
the

8-carotene-15-15'-dioxygenase

enzyme

is

central

or

excentral.

Therefore, the amount of retinol that is actually produced in vivo is
unknown

(Ganguly and Sastry 1985, Olson 1989b).

Theoretically,

8-

carotene can be cleaved in half to produce two molecules of retinol.
This

explains

its

high

vitamin

A activity.

Slight

structural

differences in carotenoids, such as the movement of one double bond
in a-carotene, reduce vitamin A activity.

Goodwin (1984) pointed out

that one-half of the carotenoid structure must contain the 15-carbon
structure of retinol to be converted and possess vitamin A activity.
In general, carotenoids are more poorly absorbed from the diet than
vitamin A (Goodwin 1984).

El-Gorab et al. (1975) found mucosal uptake

of retinol to be 15-30 times faster than of 8-carotene.
(50-80

~ g),

At low doses

the conversion of a-carotene to retinol is linear; at higher

doses conversion continues, but at a much reduced rate (Olson 1961).
The efficiency of 8-carotene absorption is estimated to be 40-60% at low
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doses,

with

percent

absorption

decreasing

as

intake

increases

(Sauberlich 1985).
Many factors are known to affect the conversion and absorption of
carotenoids to vitamin A.

Carotenoids, 1 ike retinol, are unstable in

the presence of oxygen and light (Sauberlich 1985).

Isomerization from

the trans to the cis form produces a less active compound (Goodwin
1984).
Dietary factors that increase carotene absorption in humans are
related to fat intake.

These include administration of the carotene in

oil; presence of readily digestible fat;
especially

tocopherols;

and

presence

of

presence of anti-oxidants,
lecithin

(Goodwin

1984).

Adequate dietary protein (of at least 10% of kcal) is necessary for
dioxygenase production; increased protein content in the diet to 20 or
40 % has been shown to enhance carotene absorption or conversion (Stoeker
and Arnrich 1973).

Dietary zinc can also enhances-carotene conversion.

Dietary factors that decrease carotene absorption include absence
of fat in the diet; inadequate protein; and presence of mineral oils,
pro-oxidants, and lipoxygenase.

Hiyh levels of retinol have been shown

to inhibit s-carotene cleavage in the intestine (Olson 1961).

Other

substances, such as acids and sulfites (Dimitrov et al. 1988, Wedzicha
and

Lamikanra

1983),

may

degradation of carotenes.

participate

in

nonspecific

reduction

or

Similarly, nitrates and nitrites adversely

affect carotene conversion and are known to deplete vitamin A stores
(Beeson 1965).

The thyroid gland is involved in the control of carotene

absorption in rats and humans (Goodwin 1984), and nitrates also reduce
carotene conversion by depressing thyroid activity (Beeson 1965).

The
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conversion of a-carotene to vitamin A is

regulated so that excess

vitamin A is not absorbed from carotene sources (Underwood 1984).
The combination of instability, poor absorption, and inefficient
utilization of carotenes contributes to the need to better quantify
vitamin A activity of these compounds.
determination that 6

~g

Numerous studies have led to the

of B-carotene is equivalent to 1

functioning as vitamin A activity.

of retinol,

Other carotenoids have been assigned

an activity value of one-half B-carotene, such that 12
(a-carotene) are equivalent to 1

~g

~g

~g

of carotenoids

retinol (Food and Nutrition Board

1980).
Body Storage of Vitamin A
Extrahepatic tissues remove much of the triglyceride component of
the chylomicrons with the aid of lipoprotein lipase.
chylomicron remnant,

rich in cholesterol

removed from circulation by the liver.

The resulting

and the retinyl esters, is

The liver hydrolyzes the retinyl

esters and then re-esterifies retinol for storage as retinyl palmitate.
A small amount of free retinol
(Ganguly

1960).

The

(5 %) may also be stored in the liver

fat-storing

cells,

or

perisinusoidal

cells

(stellate cells), provide the primary storage site (Hendriks et al.
1985).
Normally, liver stores account for about 90% of the total body
reserve of vitamin A (Goodman 1984).

Some vitamin A is also found in

the kidneys (Stoecker and Arnrich 1973).
are stored

in

the

liver,

fat

depots,

Carotenoids absorbed intact
and other tissues, with

the

concentration and composition related to dietary intake (Goodwin 1984).
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Mobilization and Transport of
Vitamin A
Vitamin A is released from the liver as retinol, hydrolyzed from
the ester form by retinyl

palmitate hydrolase (Goodwin 1984).

enzyme requires liver bile salt for activation.
ape-retinol

binding protein (apo-RBP)

This

Free retinol binds to

to form holo-RBP.

Ape-retinol

binding protein is synthesized and secreted in liver parenchymal cells
(Hendriks et al. 1985) and is dependent on adequate zinc (Hustead et
al. 1988).

There is a one-to-one relationship between retinol and apo-

RBP.

holo-RBP

The

complex

has

a high

affinity

for,

and

associated with, plasma transthyretin (TTR) or prealbumin.
RBP-TTR complex transports retinol to target tissues.

is

also

The holo-

About 10-17% of

the total blood vitamin A is transported as retinyl ester, associated
with low-density lipoproteins (LDL) and very-low-density lipoproteins
(VLDL) (Ganguly 1960).
Retinol mobilization is partly controlled by apo-RBP synthesis and
secretion.

In

vitamin

A deficiency,

the

secretion

of

apo-RBP

is

limited, resulting in reduced plasma apo-RBP but increased liver apo-RBP
(Goodman 1980).

Vitamin E has tissue specificity for the modulation of

vitamin A stores by inhibiting retinyl

palmitate hydrolase in some

tissues, yet lack of vitamin E is associated with a reduction in total
vitamin A tissue stores (Napoli et al. 1984).

Glucocorticoid hormones

are also involved with apo-RBP synthesis (Goodman 1984).
In

humans,

predominantly

with

mobilized
the

LDL

intact
fraction

carotenoids
(75-79 %),

are
the

associated
high-density

lipoprotein (HDL) fraction (8-25 %), and the VLDL fraction (12 %) (Parker
1989) for transport to tissues.

Little is known about the metabolism of

intact carotenes in storage tissues.
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Cellular Action of Retinol
The holo-RBP-TTR complex appears to be presented to the cell at
specific sites that recognize RBP (Goodman 1980).
from its protein complex and
cellular

retinol

binding

is

Retinol is released

recomplexed with another protein,

protein

Retinol

(CRBP).

binding

protein

returns to circulation, where it has reduced affinity for transthyretin,
and is filtered as apo-RBP by the kidney glomeruli.

It is thought that

CRBP serves to transport vitamin A within the cell to specific loci for
expression of vitamin A (Goodman 1980).
Degradation and Excretion of
Vitamin A
The holo-RBP-TTR complex is too large to be filtered by the kidneys
and, thus,
contrast,

is a means to reduce renal
apo-RBP

is

filtered

by

the

catabolism of apo-RBP.
glomeruli

(Goodman

In

1980).

Lipoprotein-bound retinyl esters are apparently too large to be filtered
and escape kidney control.

Retinol may be recycled from the kidney

following tubular reabsorption.
enzyme

in

lamb

kidney makes

The finding of a retinol-esterifying
this

more

feasible.

Kidney

storage,

excretion, and recycling of retinol and its derivatives appear to be
related to plasma concentration of retinol and retinyl esters (Donoghue
and Kronfeld 1983).

Retinol and related compounds are metabolized by

the liver to polar compounds, particularly retinoyl-B-glucuronides, and
excreted in bile and urine (Goodman 1980).
Dietary Requirements
Several criteria are considered in determining adequate intakes of
vitamin

A,

including

(1)

amounts

needed

to

correct

clinical

and
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subclinical deficiency signs and (2) amounts necessary to maintain an
adequate body pool or storage in healthy individuals.

Ideally, the

amount of vitamin A needed to prevent deficiency in healthy individuals
should be determined, but distinct clinical signs such as eye changes
and reduced blood values do not appear until body stores are depleted.
Unfortunately, ethical considerations prohibit liver biopsy as a n1ethod
of assessment in humans.

New methods such as relative dose response and

impression cytology offer promise for better definition of requirements.
The Recommended Dietary Allowance (RDA) for vitamin A for adult
humans is based on results from human studies, which concluded that 500600

~g

of retinol

is a minimum amount for tissue maintenance and

prevention of deficiency symptoms (Food and Nutrition Board 1980).

To

provide adequate liver storage of vitamin A for several months in
healthy adults, additional retinol is needed.

Thus, 1000

established as the allowance for adult men and 800

~g

~g

retinol was

retinol for adult

women, as vitamin A status appears to be achieved at lower intake for
women.

Greater amounts were established for women during pregnancy and

lactation.
The a 11 owance for infants was determined from average human mi 1k
retinol concentrations multiplied by the amount of milk consumed, or an
equivalent of 420

~g

retinol per day.

The allowances fur children and

adolescents were interpolated using the infant and adult allowances and
estimates based on body weight to provide adequate vitamin A for growth.
For children 1-10 y, the allowance ranges from 400-700

~g

retinol,

increasing with increasing weight and maximizing at age 11 y to 1000
retinol for males and 800

~g

retinol for females.

~g
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Recently, Olson (1987) suggested that the vitamin A RDA values are
greater than actually needed to prevent deficiency symptoms and to
provide adequate liver storage.
toxicity,

Considering the potential for vitamin A

especially in pregnant women,

sufficient vitamin A should be determined.

more

precise estimates

of

Olson concluded from human

studies (Sauberlich et al. 1974) evaluating improved clinical signs and
blood values with specific vitamin A intakes in deficient adults that
lower

recommended

dietary

intakes

are

prudent.

However,

improved

analytical assessment of vitamin A content in foods, especially fruits
and vegetables, suggests that the actual dietary intake of vitamin A in
the U.S. is less than food composition tables indicate.
Olson (1987) suggested dietary intakes for infants be reduced to
375

~g

retinol, child and adolescent values reduced to 375-500

retinol, and adult values reduced to 700 and 600
and females, respectively.

~g

~g

retinol for males

These lower values are more consistent with

values suggested by the World Health Organization and the Food and
Agriculture Organization of the United Nations (Olson 1987).
Because of the 1a rge con t ri but ion of ca rote no ids to vitamin A
intake,

the

Food

and

Nutrition

equivalencies of carotenoids
retinol

and

called

the

and

result

Board
retinyl
the

(1980)
esters

retinol

computed
to

vitamin

A

the weight of

e~uivalent

(RE)

value.

Equivalencies were based on results of animal studies and assumed that
the physiological response of humans and rats is the same with respect
to vitamin A.

The utilization of s-carotene as vitamin A WdS determined

to be one-sixth that of retinol, because carotenes are inefficiently
absorbed (about one-third of intake) and inefficiently converted to
retinol (dbout one-half of absorbed).

Structural deviations in other

22
vitamin A active carotenes reduce their utilization to one-twelfth
retinol.
Vitamin A Deficiency
Vitamin A deficiency occurs as a result of insufficient consumption
of foods containing preformed or provitamin A compounds.

Additionally,

virtually any disease that adversely affects the metabolism of vitamin A
or its precursors from digestion through excretion could promote vitamin
A deficiency.
Prevalence
Vitamin A deficiency is

recognized as a major health problem

worldwide; the only nutritional deficiency more prevalent is proteinenergy malnutrition (PEM) (Mclaren 1986, Pitt 1985).
deficiency

rarely

occurs

independently;

accompanied by PEM (Nauss 1986).

In fact, vitamin A

rather,

it

is

commonly

Recent estimates from intervention and

follow-up studies indicate that five million preschool Asian children
develop xeropthalmia each year, and 250 000 die.
developing

countries,

such

as

Latin America,

Estimates from other
the Phillipines,

and

Africa, are similar (Sommer 1989).
Vitamin A deficiency

is

not

limited to developing countries.

Deficiency in the U.S. has been found in black and Hispanic population
groups, ranging from 20% of black children to 40% of Mexican-American
children (Anonymous 1985).

Preschool children are likely victims of

vitamin A deficiency because liver stores are generally low at birth,
and

tissue

requirements

(Mclaren 1986).

during

periods

of growth

increase

demand
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Manifestations of Deficiency
The primary clinical sign of vitamin A deficiency is the appearance
of xeropthalmia (Wittpen and Sommer 1986).

Vitamin A deficiency is

readily observed in degeneration of vision in the following succession:
night blindness, punctate keratopathy, and Bitots spots, followed by
corneal xerosis and formation of keratomalacia plaques (Sommer 1989,
Ubels and Edelhauser 1982).

Without treatment, xeropthalmia progresses

rapidly to keratomalacia, which is characterized by stromal softening,
corneal ulceration, and perforation.

Oral or intramuscular doses of

vitamin A may not take effect fast enough to prevent this progression;
however,

topical

application

of

vitamin

A can

prevent

permanent

blindness (Ubels and Edelhauser 1982).
Other signs of vitamin A deficiency described by McLaren (1986)
include cessation of weight gain during periods of growth; anorexia;
thick, dry, and scaly skin; and enlarged and infected hair follicles.
Epithelial tissue throughout the body loses the ability to secrete mucus
and becomes keratinized.

A reduction in blood vitamin A levels becomes

apparent only after body stores are severely depleted.

Thus, there are

no biochemical indicators before classical deficiency symptoms appear.
Vitamin A deficiency
morbidity
respiratory
children,

and

mortality.

illnesses,

and

often accompany

is

also associated with an
Infectious

diarrhea,
inadequate

diseases
common

increase

in

such

as

measles,

killers

of

preschool

vitamin A status.

Vitamin A

deficiency is exacerbated by infectious diseases that impair vitamin A
absorption (McLaren 1986).

Risk of disease and death has been shown to

increase directly with degree of deficiency (Wittpen and Sommer 1986).
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The

many

functions

of

vitamin

A,

particularly

epithelial

tissue

maintenance, suggest explanations for the consequences of deficiency.
Prevention and Intervention
The obvious solution to vitamin A deficiency is to promote the
consumption of foods rich in vitamin A, either low-cost fruits and
vegetables

or

animal

products

that

provide

preformed

vitamin

A.

Unfortunately, part of the problem lies in the lack of availability of
inexpensive sources, seasonality of foods in some parts of the world, or
cultural practices which do not include the consumption of available
vitamin A rich foods.
Educational strategies should include identification of good food
sources of vitamin A and training in cultivation of vitamin A rich food
crops.

In the long term, i mproved agricultural practices offer the best

solution
sufficient

for

eliminating

implementation

vitamin
of

these

A deficiency.
practices,

However,

alternative

until

measures

described below that have been moderately successful in ameliorating the
problem should be continued.
Other prevention techniques include fortification of food items
with widespread use, such as sugar in Latin America or monosodium
glutamate in Asia, and periodic administration of large oral doses of
vitamin A (every four to six months) to boost liver stores.

These

methods may be less desirable because they are expensive and logistics
prevent complete eradication.

However, alone or in combination, they

can have a significant impact in reducing vitamin A deficiency in
certain geographical areas.
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Vitamin A Toxicity
Excessive vitamin A intake resulting in adverse health consequences
is known as vitamin A toxicity, or hypervitaminosis A.

The consumption

of large quantities of preformed vitamin A leads to accumulation of
retinol

in the liver and blood.

Toxicity

information compiled by

Bendich and Langseth (1989) is summarized here.
Prevalence
Hypervitaminosis A is

considered a minor health

problem when

compared to vitamin A deficiency, yet the potential for high vitamin A
intakes exists.

The incidence of hypervitaminosis A is estimated at

about 200 cases per year worldwide.

Excessive intake may be the result

of a single high dose taken over a short period of time (acute) or
ingestion of high doses over months or years (chronic).
The

primary

cause

of

acute

toxicity

is

overuse

of

vitamin

supplements, either from improper prescription by a physician or from
misuse by the consumer.

Nonprescri pt i ve supp 1ements containing up to

25 000 International Units (IU) per capsule are available and provide
opportunity for potential misuse.

In 25 % of cases of supplement overuse

by consumers, the victims are children given supplements by parents or
grandparents.
Vitamin A toxicity from natural food sources is less common but,
nonetheless, occurs from the consumption of large quantities of liver,
especially that from carnivores.

Excessive consumption of carotene-

containing fruits and vegetables does not produce hypervitaminosis A.
The vitamin A dose required to cause toxicity varies with the
individual and is influenced by the age, weight, health status and
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problems, and diet of the individual.

Chronic hypervitaminosis A can

occur in children consuming doses of 12 000 IU/d and in adults, usually
at doses in excess of 100 000 IU/d.

Periodic prophylactic dosing of

200 000 IU (60 000 RE) may produce acute toxicity (Cohen et al. 1987,
West and Pettiss 1986).

Toxicity symptoms are more common when this

dose is administered in an aqueous solution than in an oil-base solution
(West and Pettiss 1986).
Manifestations of Toxicity
Vitamin A toxicity occurs when retinol in the blood exists in the
free form,

not bound to RBP, and apparently because the amount of

retinol exceeds the binding capacity of RBP.
The most common symptoms of hypervitaminosis A include nausea,
vomiting, fatigue, weakness,

lethargy, headache, bulging fontanel

in

infants, anorexia, irritability, ataxia, dry or scaly skin, alopecia,
and elevated serum vitamin A.

The symptoms may vary depending on

whether the toxicity is due to an acute or chronic condition.

Usually

the symptoms of acute toxicity are not permanent and disappear with
discontinuation of the vitamin A source.

In chronic hypervitaminosis A,

bone malformations and liver damage in the form of cirrhosis can occur.
Although cause and effect have not been demonstrated, excessive vitamin
A intake during pregnancy has been associated with birth defects in
humans.

Teratogenicity has been demonstrated in laboratory animals.

The consumption of large quantities of carotenoids may produce
yellowing of the skin, a symptom of hypercarotenemia, but does not
affect blood retinol levels.

A series of animal experiments confirmed

that s-carotene is not mutagenic, embryotoxic, nor chronically toxic,
even up to levels of 1000 mg/kg/day (Heywood et al. 1985).

Carotenemia
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sometimes occurs with hypothyroidism, myxedema, and diabetes (Goodwin
1984).
Prevention
Public awareness of the consequences of excess vitamin A intake is
an

important

preventative

measure.

Physicians,

nutritionists,

and

supplement manufacturers must stress the importance of proper dose and
negate the assumption that if a little is good, more will be better.

If

consumers limit vitamin supplement intake, protect children from vitamin
supplements, and moderate consumption of organ meats such as liver, the
incidence of hypervitaminosis will remain low.
Methodology for Determining Vitamin A Bioavailability
Bioassays are important tools for understanding the utilization and
requirement of components in our diets (Baker 1986).

Most of our

knowledge about the actions of vitamins was determined with the use of
animal models (Bliss and GyBrgy 1967).

Bliss and Roels (1967) concluded

that the most definitive assay for vitamin A activity is based on
biological

activity,

which

cannot

be

provided

by

physicochemical

methods.
The selection of a proper animal model from which to extrapolate
meaningful information is a critical decision in designing the study.
For the carotenoids, as for most other nutrients, there is no perfect
animal model.

The study of carotenoids as a biologically available

source of vitamin A is made more difficult by factors that affect
conversion as well as absorption.

Humans and rats process vitamin A and

carotenes similarly for absorption (Goodman et al.
humans may absorb

and

1966); however,

store significant quantities of carotenoids
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intact,

whereas

rats

are

more

efficient

at

virtually no intact carotenoids (Goodwin 1984).
using rats have provided useful

conversion

and

store

Nevertheless, bioassays

information, and the procedures have

been well established.
The most common bioassays used for evaluation of vitamin A activity
include the curative growth assay, the vaginal smear assay, the liver
storage assay, or modification of these methods (Bliss and Roels 1967,
Brubacher and Weiser 1985, Hicks et al. 1984).
the

determine
deficiency.

physiological

requirement

of

The first two methods
vitamin

A

following

The liver storage assay measures vitamin A activity to

produce liver storage beyond physiological needs.
Inherent in any vitamin A bioassay is accurate determination or
measurement of the vitamin A source.
and

efficient

official

analytical

HPLC is considered a more accurate

technique

Association of Official

than

older

Analytical

chromatographic

Chemists

(Beecher and Khachik 1984, Bureau and Bushway 1986).

(AOAC)

and

methods

Although these

procedures are not standardized, HPLC techniques allow separation and
quantification

of

relatively quickly
thereby
1984).

complex
(less

mixtures
than

60

of

min),

carotenoids
minimizing

improving the quality of the analysis

and

retinoids

degradation

and

(Beecher and Khachik
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MATERIALS AND METHODS
Carrots
Beta

III

carrot

seeds

were

provided

by

Dr.

Agricultural Research Service (ARS), University of

Phillip

Simon,

Wisconsin-~1adison.

Seeds were planted in northern Utah in spring 1987 and harvested October
1987.

Nantes Careless seeds were purchased locally (Anderson's Seed and

Garden Store, Logan, UT), then sent to Wisconsin, planted in May 1987,
and

harvested

in

October

1987

by

Mr.

Philip

Schweitzer.

These

Wisconsin-grown carrots were sent via United Parcel Service to Utah.
All subsequent carrot handling, processing, and analyses were performed
under subdued yellow light.

Both carrot seed types were planted again

the same way in 1988.
As per Dr. Simon's instructions for storage, the carrots were
washed with tap water, 1/8 in of the crown was cut off, excess water was
blotted with paper towels, then the carrots were allowed to air dry.
The dry carrots were loosely packed in paper bags, which were placed in
black plastic sacks, ends twist-tied, and refrigerated until needed.
This procedure extended the shelf life of the carrots and minimized
carotene loss.

Stored carrots were examined monthly for spoilage.

Sample Preparation
Several stored carrots, randomly selected, were rinsed with tap
water, peeled, and ends cut off.
towels.

Excess water was blotted with paper

The carrots were cut into approximately 1/2-in pieces and

placed in a food processor (Oster blender, food processor attachment).
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Carrots were processed at "grate" speed for 5 s followed by "grind"
speed for 5 s to produce a homogeneous sample.

Processed carrots were

placed in labeled Ziploc storage bags, sealed while pushing the air out,
and refrigerated for a maximum of 2 wk.

Handling the samples in this

way minimized carotene degradation due to oxygen and light.
samples were used for carotene analysis.

These

Samples for proximate analysis

were further processed by freeze drying (Virtis Unitrap II), and the
moisture loss was recorded.

Freeze-dried (f.d.) samples were finely

powdered and stored in a refrigerated desiccator for future analysis.
Macronutrient Composition
~loi

sture
Residual moisture was determined using a vacuum oven (AOAC 1984,

Karmas 1980).

Samples of 1-2 g were weighed into preheated, cooled,

desiccated, and preweighed aluminum pans.

The pans were placed in a

70° C oven with vacuum pressure of 15 mm Hg for 5 h until constant
weight was achieved.
a

desiccator.

The

The pans were removed from the oven and cooled in
cool

pans

determined by sample weight loss.

were

weighed

and

residual

moisture

Total moisture was calculated by the

following derived equations:
Sample wt - final wt

=

residual H20 (g)

g f.d. carrot
g residual H 0
2 X - - - - - - X 100
-----g f.d. carrot
g fresh carrot

=

%H0

2

Protein
Protein content was determined using an automated Kjeldahl nitrogen
analyzer (Pomeranz and Meioan 1978).

Details of this procedure are
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found in Appendix A.

Weighed samples were digested while heating in

concentrated H so . The digested sample was analyzed for nitrogen in
2 4
the Tecator Kjeltec Auto 1030 Analyzer and protein calculated using the
factor 6.25 for vegetables (ARS 1984).
Lipid
Fat analysis followed AOAC procedures using a Goldfisch extractor
and

glassware

manufactured

by

Labconco

(AOAC

1984).

A genera 1

description of the procedures is presented here; specific details are
found in Appendix B.
A sample of 0.5-2 g was weighed into an extraction thimble, with
sand added to minimize clumping.

The thimble and extraction tube were

attached to the extractor along with a preweighed extraction beaker
containing anhydrous petroleum ether and diethyl
refluxed for approximately 12 h;

ether.

The system

then the solvents were collected.

Remaining solvent in the beaker was evaporated off, and the beaker was
cooled in a desiccator prior to weighing.

A clean, preweighed beaker

with solvents was attached to the system, and the extraction process was
repeated

until

the

solvents

were

colorless.

Lipid

content

was

calculated by totaling the additions to the preweighed beakers.
Carbohydrate
Sugar analyses were performed by Dr. Betty W. Li at the United
States Department of Agriculture (USDA) Human Nutrition Food Composition
Laboratory in Beltsville,

~1D.

Gas chromatography was used to identify

and quantitate the various sugars (Li et al. 1985).
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Fiber
Total dietary fiber was also determined by Dr. Betty W. Li using
the AOAC method (Prosky et al. 1988) and a simplified method (Li and
Andrews 1988).
Dry Ash
Ash content was determined by the methods of Osborne and Voogt
(1978).

Details of this method are found in Appendix C.

1-5 g were weighed into preweighed porcelain crucibles.

Samples of
The crucibles

were heated in a muffle furnace (550° C) for 24 hours to complete
ashing.

The

desiccator,

samples were
and

reweighed.

removed from
The

weight

the furnace,
of ash

was

cooled

in a

determined

by

difference and percent ash calculated.
Carotenoid Content
A general description of the procedures is presented here; specific
details are provided in Appendix D.

All procedures were carried out

under subdued yellow light.
Extraction Procedures
The carrots were prepared for carotene extraction as described in
sample preparation.

Samples of 5-10 g of Beta III or Nantes Careless

carrots were extracted following the procedures of Khachik and Beecher
(1987).

All chemicals were purchased commercially except where noted

and were reagent grade or HPLC grade as noted.

The carotenoid B-apo-8'-

carotenal (Flucka Chemical Corp., NY) was routinely used as an internal
standard.

A synthetic carotenoid, C-45- B-carotene, developed by Khachik

33
and Beecher ( 1986) was used to confirm use of s -apo-8' -carotena 1 as an
internal standard.

HPLC was used for analysis.

Chromatographic Procedures
The HPLC system (model 334) was purchased from Beckman Instruments,
San Ramon, CA, and consisted of a controller (model 421A), two solvent
delivery modules

(model

110B), uv-vis variable wavelength detector

(model 165), and data analyzer integrator 427.
The

reverse

phase

analytical

octadecylsilica (ODS) packed with

5-~ m

by 4.6 mm internal diameter (i.d.).

column

was

a

Beckman

C-18

spherical particles, 25 em length

It was protected by a Beckman guard

column 3 em length by 4.6 mm i.d. with the same packing material.
The

final

extraction

product

was

dissolved

in

mobile

phase

(Table 1) and syringe filtered while being taken up to the desired
volume.

This sample was injected onto the HPLC column for separation,

identification, and quantification of the carotene components.
Analytical separation of carotenoids occurred by employment of the
organic solvent mobile phase with two pumps, providing eluents A and B
(Table 1).

Several different mix ratios were tested, resulting in this

mobile phase, which produced the best separation between a-carotene
and S-ea rotene.
External standard curves of commercially pure a-carotene and

s-

carotene were used to identify these compounds by retention times and to
quantitate concentration.

Actual concentration of standard compound

solutions was determined spectrophotometrically using Beer's Law (Ewing
1975) using the following equation:
A = Elc
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Table 1.

HPLC conditions for carotene analysis
Mobile phdse 1 • 2

Solvents

Reservoir %

Acetonitrile

( 71 %)

Methanol

(29%)

Methylene chloride
Flow rate:

>

(100%)

Pump A ( 77 %)
Pump B (23%)

<

(55 %)
(22 %)
(23 %)

1 ml/min

Detector sensitivity:

0.1 AUF

Detector wavelengths:

460 nm, time:

0-8 min

450 nm, time:

8-30 min

Chart speed:

Mobile phase

Pump %

0.5 em/min

1Mobile phase solvents were HPLC grade purchased from J.T. Baker.
2Mobile phase was filtered through Whatman 0.5-~m membrane filter (PTFE)
and degassed prior to use.
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where:
A = absorbance,
E

=

the extinction coefficient for each compound,

c

=

concentration, and

1

=

pathlength, 1 em.

Table 2 displays the extinction coefficients for the compounds used and
their appropriate wavelengths.
Table 2.

Extinction coefficients of standard compounds for carotene

analysis

Compound

Solvent

E l % (g/100 ml)

Wavelength
445 nm
450 nm
457 nm

a-Carotene 1
S-Carotene 3

Hexane
Hexane

2755 2
2592 4

S-Apo-8'-carotenal 3

Petroleum ether

2640 2

1Sigma Chemical Co. (St. Louis, MO).
2oe Ritter and Purcell (1981).
3Flucka Chemical Corp. (New York, NY).
4christensen and Wise 1986.
a-

and s-Carotene values were converted to retinol equivalents (RE)

using the Food and Nutrition Board (1980) conversion factors.
Evaluation of Biological Vitamin A Activity
The vitamin A bioavailability of carotenes in the hybrid carrot
Beta III was compared to the carotenes in a commercial carrot (Nantes
Careless), purified s-carotene, and purified retinyl acetate.
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Protocols of Animal Experiments
Weanling male Sprague-Dawley rats (21 d) purchased from

Animals.

Simonsen Laboratories, Gilroy, CA, were the experimental animals used.
Homogeneous
animal

and

breeding

(Clifford 1984).
Center

(LARC),

genetically similar
facilities

rodents

eliminated

produced

the

need

in

for

laboratory
littermates

The Utah State University Laboratory Animal Research
accredited

by

the

American

Association

for

the

Accreditation of Laboratory Animal Care, provided housing and care.

A

quarantine period of at least 24 h to observe the health of the animals
followed their arrival.
individually housed
bottles.

in

Animals were then moved to a rat room and
stainless steel

wire mesh

cages with water

Individual glass feed dishes with a stainless steel plate

(placed on top of feed to 1 imit spillage) and rimmed cover were also
supplied.

The room was temperature controlled at 70-72 ° C, humidity

controlled at 22%, and provided a 12-h light : dark cycle (light:

0700-

1900).
Diet.

Vitamin A deficient test diet (basal diet) purchased from

United States Biochemical
refrigerated during
retinyl

esters,

and

Corporation, Cleveland, OH,

the study.
carotene

(Table 3) was

Samples were analyzed for
content

using

a

modified

De Ritter and Purcell (1981) for dry mi xes (Appendix E).

retinol,

method

of

No vitamin A

form was detected.
Stabilized retinyl acetate beadlets and s-carotene beadlets from
Hoffman LaRoche, Nutley, NJ, and stored Nantes Careless and Beta III
carrots were used to prepare the vitamin A supplemented diets (Tables 4,
5).

The purified beadlets were added to the basal diet and mixed with a

Hobart

stainless

steel

mi xer

for

1 h

to

adequately

disperse

the
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Table 3.

Composition of vitamin A deficient test
diet (basal diet) 1

Ingredient

Percent

Corn starch

65

Vitamin-free casein

18

Dried yeast (vitamin D) 2

8

Vegetable oil

5

Salt mixture no. 2

4

1u.s. Biochemical Corporation, Cleveland, OH.
2Vitamin D : 100 000 un/100 lb.
2
beadlets.

The feed was packaged in new 5-gal plastic containers with

fitted covers and refrigerated until used.

The 8-carotene beadlets were

analyzed for actual concentration using a modified method of De Ritter
and Purcell (1981) (Appendix F).

Numerous attempts were made to extract

the retinyl acetate beadlets, but the protein complex required extensive
enzyme

action.

Dr.

Jerry

Naso

at

Hoffman

LaRoche,

Nutley,

NJ,

graciously volunteered to analyze a sample; his results were used in the
supplement computations (Tables 4, 5; Appendix G.)
The carrot-supplemented feed was prepared while feeding by weighing
the appropriate amount of analyzed, grated carrots into the individual
feed dishes, taring the dish, then adding 10 g of the basal diet.

This

was mixed with a stainless steel spatula by hand and provided to the
rats.

Calculated vitamin A content of the supplemented feed was based
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Table 4.

Vitamin A supplementation to basal diet for liver storage

assay

Dose

Source

g source

g feed

300 RE

Retinyl acetate 1
Retinyl acetate 1

0.02050

400

0. 04111

400

S-Carotene 2
S-Carotene 2

0.80020

400

1. 60076

400

10.87000

10

21.74000

10

600 RE
300 RE
600 RE

600 RE

Nantes Core less 3
Nantes Coreless 3

300 RE

Beta III 4

3.01000

10

600 RE

Beta III 4

6.02000

10

300 RE

1Retinyl acetate protein stabilized beadlets, 630 000 IU/g, Hoffman
LaRoche (Nutley, NJ).
2 s-Carotene gelatin stabilized beadlets 3%, Hoffman LaRoche (Nutley,

NJ).
3Nantes Careless: 9.2 RE/g edible carrot.
4seta III: 33.2 RE/g edible carrot.

39

Table 5.

Vitamin A supplementation to basal diet for growth study

Dose

Source

g source

g feed

10.5 RE

0.00813

1500

21.0 RE

Retinyl acetate 1
Retinyl acetate 1

0.01626

1500

42.0 RE

Retinyl acetate 1

0.03247

1500

10.5 RE

0.31602

1500

21.0 RE

B- Carotene 2
s-Carotene 2

0.63160

1500

42.0 RE

B-Carotene 2

1.26131

1500

10.5 RE

0.5-0.8

10

21.0 RE

Nantes Coreless 3
Nantes Coreless 3

1.0-1.7

10

42.0 RE

Nantes Coreless 3

1.9-3.3

10

10.5 RE

0.2-0.4

10

21.0 RE

Beta III 4
Beta III 4

0.4-0.8

10

42.0 RE

Beta III 4

0.9-1.6

10

1Retinyl

acetate protein stabilized beadlets, 682 000 IU/g, Hoffman

LaRoche (Nutley, NJ).
2

B-Carotene gelatin stabilized beadlets 3%, Hoffman LaRoche (Nutley,

NJ).
3Nantes Careless: 12-22 RE/g edible carrot.
4Beta III: 25-48 RE/g edible carrot.
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on the conversion factors from the Food and Nutrition Board (1980).
Calculation examples are illustrated in Appendix G.
Experiment 1.

Liver storage assay.

The

liver storage assay

followed the procedures of Harris (1960), Bliss and White (1967), and
Bliss and Roels (1967), with minor modifications.

This method, called a

slope-ratio assay, compares the slopes of the response curves of the
unknown vitamin A source to a standard vitamin A source

(retinyl

acetate) assuming equal and parallel slopes for all sources.

By this

procedure, potency calculations are obtained for the unknown vitamin A
sources relative to retinyl acetate.

A constant rate of liver vitamin A

deposition has been established for the dosage range of 500-100 000 IU
(Harris 1960), so the two dosage levels selected were 300 and 600
retinol equivalents (RE), corresponding to 1 000 and 2 000 IU.
produced a 4 X 2 factorial

This

experimental design of four sources of

vitamin A at two levels.
The study was initiated with 90 rats fed the basal diet and water
ad libitum.

Weight was recorded initially, weekly, and three times

during the final

week.

Ten animals randomly selected were killed

periodically to monitor liver retinol concentrations of depleting rats.
After 23 d, the 80 animals were randomly assigned to eight groups of 10
and given one-third of their total vitamin A dose in 10 g of feed (Table
4).

The animals consumed about 20 g basal diet per day.

enriched

feed

consumption.

was

provided

at

about

1700

to

The vitamin A

promote

complete

At approximately 0900 the following morning, the feed jars

were checked for uneaten feed and spillage, and the basal diet was
returned to all animals for ad lib feeding during the rest of the day.
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This feeding schedule was repeated for three consecutive days to provide
the total vitamin A dose.
Forty-eight hours after the last dose was consumed (from 0900), the
animals were decapitated and bled.

The livers were promptly removed,

weighed, placed in labeled plastic bags, frozen in liquid nitrogen, and
stored in a dry ice chest until transferred to a freezer for storage.
Prior to frozen storage, the plastic bags were evacuated with nitrogen
gas and sealed with tape, then placed in a -70° C freezer until analyzed
for retinol content.
Experiment 2.

Growth study.

The curative growth assay compared

vitamin A bioavailability of the sources based on body weight increase
when vitamin A was provided after depletion of vitamin A stores.

The

procedures of Harris (1960), Bliss and White (1967), and Bliss and Roels
(1967) were used.

Three dosage levels (3, 6, and 12 RE/d) of each

vitamin A source were adnlinistered in the feed.

This produced a 4 X 3

factorial experimental design using the same four vitamin A sources as
in the liver storage assay.

Twelve RE/d was used as the rat requirement

for growth based on information from the Subcommittee on Laboratory
Animal

Nutrition

(1972).

However,

revised

information

Subcommittee on Laboratory Animal Nutrition (1978)

from

the

reported tha.t 0.2

RE/d is the requirement for vitamin A for growth restoration.

For

convenience, the supplemented feed was provided twice a week.

The

following calculations were used to determine the amount of vitamin A
(RE) to be provided in 10 g of feed to be equivalent to 3, 6, and 12
RE/d:

42

3 RE/d

=

21 RE/wk

2

=

10.5 RE in 10 g feed

6 RE/d

=

42 RE/wk

2

=

21.0 RE in 10 g feed

12 RE/d

=

84 RE/wk

2

=

42.0 RE in 10 g feed

Two hundred five animals were procured for this study.

For growth

comparison, three randomly selected animals were fed a regular diet
(nutritionally complete) provided by the LARC.

One of these animals was

killed after 30 d to determine liver retinol concentration; the other
two continued on regu 1a r feed throughout the rest of the study.
remaining 202 animals were fed the basal diet and water ad libitum.

The
Of

these rats, three were killed after 1 wk to determine liver retinol
concentration.

Seven other rats were killed periodically and livers

analyzed to follow liver retinol depletion.
One hundred ninety-two rats consumed the basal diet unti 1 their
vitamin A stores were depleted, as evidenced by a plateau in weight
gain.

Weight plateau was determined when the net gain in weight on four

consecutive days did not exceed 1 g.

Weight was recorded to the nearest

0.1 g for each rat at the beginning of the study, twice weekly during

the depletion phase and daily as weight gain slowed.

After 6 wk on the

basal diet, weight gain slowed, and the rats were randomly assigned to
12 groups of 16.

Vitamin

Figure 1 outlines the time sequence for this study.

A supplementation

initiation was recorded.

began after weight plateau;

age at

The animals were fed 10 g of the supplemented

feed (Table 5) twice a week, on Tuesdays and Thursdays, for a total of 4
wk.

Animals were weighed daily during

the

supplementation phase;

however, the first day of supplementation determined for which days the
weights would be averaged for potency calculations.

A three-day average

of weights on the following days produced five values (w 0-w 4 ) for
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Age (days)

Event

21 -------------------------------- Animals arrive
> Quarantine
23

---------------L---------------I

Begin depletion

> Weight gain slows

70

---------------T----------------

First animals plateau

I

> Begin vitamin A supplementation

to
I

84 ---------------~----------------

Last animals plateau

> Vitamin A supplementation continues, 4 weeks
98 __ ___________ __J _________ _ ______ First animals receive final vitamin
I

A dose
I

99 ---------------,---------------- First animals killed

> Continuation of final vitamin A doses,

to

animals killed
132

---------------L---------------

Last animals receive final vitamin A
dose

133

Figure 1.

Last animals killed
Growth study time schedule.
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determination of average weekly weight gain (y):

w0 was comprised of

the supplement day (day 0), the previous day (day 0 minus 1), and the
following day (day 1), w (days 6-8), w2 (days 13-15), w3 (days 20-22),
1
and w (days 27-29).
These averaged weight values were used to
4
determine mean response to the source and dose of vitamin A, the slope
of the response curve, and vitamin A potency.

The following equation

for average weekly weight gain (y), as described by Bliss and White
(1967), is equivalent to the slope of the regression line for each rat.
This is demonstrated in Appendix H.

The day after the last dose was fed, the animals were weighed,
decapitated, and bled.

Livers were excised and pooled within treatment

group, stored in labeled plastic bags, temporarily placed on ice, then
evacuated with

nitrogen gas and frozen

in a -35 ° C freezer until

analyzed for retinol content.
Liver retinol

concentration.

subdued yellow light.

All analyses were performed under

Livers were removed from the freezer and thawed

at room temperature in their nitrogen gas environment.
placed in a stainless steel

or glass container fitted to a Virtis

homogenizer and homogenized until well blended.
homogenized

for

Next they were

approximately

3

min;

Individual livers were

pooled

livers

required

approximately 5-10 min.
The extraction

procedure

(Appendix

I)

was

developed

from

the

fluorometric analysis methods of Thompson et al. (1971) and Wallingford
and

Underwood

(1986).

To

test

the method,

a solution of

retinyl
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palmitate was used to verify complete saponification, and samples were
spiked with a known amount of ret i no 1 to verify comp 1ete recovery.
Anhydroretinol (AR), prepared according to Dunagin and Olson (1969), was
used as an internal standard (Wallingford and Underwood 1986).
A sample was weighed
saponification.

into a disposable glass

test

tube for

After saponification, retinol was extracted twice into

hexane and collected in a clean test tube.

The hexane was evaporated

off and the residue taken up to 5 or 10 ml with anhydrous ethanol or
mobile phase.

This sample was evaluated chromatographically by HPLC

instead of fluorometrically.

The HPLC system conditions for liver

retinol analysis are shown in Table 6.
to determine

Beer's Law (Ewing 1975) was used

standard compound concentrations.

Table 7 shows

the

extinction coefficients for these compounds.
Statistical analysis.

Experiment 1.

Liver storage assay.

Results

were initially evaluated by analysis of variance using the ANOVA command
in SPSS-X (SPSS, Inc. 1988).

Dependent variables were average retinol

(J.lg retinol/g liver), total liver retinol (J.lg retinol), and liver weight

(g).

Independent variables were source of vitamin A, dose of vitamin A,

and source-by-dose interaction to determine if the mean response to the
various

sources differed by dosage

determine significance at the level Q
with a significant
pairwise

comparisons

level.
~

0.05.

F tests were

used

to

For independent variables

£ value in the analysis of variance, multiple
of the differences

in means were made using

Fisher's Least Significant Difference (LSD) (Snedecor and Cochran 1980)
programmed in Rummage II (Scott 1982).
Tests for homogeneity of variance (Cochrans C and Bartlett-Box) of
the dependent variables were subsequently performed using SPSS-X (SPSS,
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Table 6.

HPLC conditions for retinol analysis
Mobile phase 1 ' 2
Reservoir %

Solvents
Acetonitrile

( 71 %)

Methanol

(29%)

Methylene chloride
Flow rate:

>

(100%)

Pump A ( 77 %)
Pump B (23%)

<

(55 %)
(22 %)
(23 %)

1 ml/min

Detector sensitivity:

0.05 AUF

Detector wavelengths:

325 nm, time:

0-5 min

388 nm, tirne:

5.1-7 min

Chart speed:

Mobile phase

Pump %

0.5 em/min

1Mobile phase solvents were HPLC grade purchased from J.T. Baker.
2Mobile phase was filtered through Whatman 0.5- ~m membrane filter (PTFE)
and deyassed prior to use.

47
Table

7.

Extinction

coefficients

of

standard

compounds

for

liver

retinol analysis

Compound

Solvent

E 1% (g/100 ml)

Wavelength

Retinol 1

Ethanol

325 nm

Anhydroretinol 3

Ethanol

387 nm 4

1Flucka Chemical Corp. (New York,
NY).
2oe Ritter and
Purcell (1981).
3Prepared from retinol, Wallingford and Underwood (1986).
4HPLC scan displayed absorbance maxima at 388 nm.
Table 8.

Univariate homogeneity of variance tests

Tests
Variable

Bartlett-Box

Cochrans C

£. level
Average retinol

0.008

0.000

Total retinol

0.038

0.003

Liver weight

0.753

0.737

Inc. 1988).

The error variances for average retinol and total retinol

were found to be heteroscedastic (Table 8); however, liver weight error
variance was

homogeneous.

Analysis of variance was

performed for

dependent variable liver weight.
Logarithmic

transformations

were

conducted

on

the

dependent

variables average and total liver retinol but did not stabilize the
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variances.

The data were examined for outliers; three extreme values at

the 600-RE dose of retinyl acetate and two extreme values at the 300-RE
dose

of

s-carotene were

identified.

Because there was no direct

evidence that these outliers differed from other values due to different
experimental circumstances, the data were retained in the analysis.
Nonparametric tests were performed univariately for the dependent
variables using the NPAR test command in SPSS-X (SPSS, Inc. 1988).
Kruskal-Wallis one-way analysis of variance for vitamin A source and
Mann-Whitney

U-Wil cox on

nonparametric

tests

Sum W Test

employed.

for

These

vitamin

tests

A dose were

determine

the

whether

the

distributions of the va r iables are the same, based on the sums of the
ranks.

The resulting test statistics have an approximate Chi-square

distribution.
confidence

Chi-square values were tested for sigrlificance at the 95%
level

(£ ::: 0.05).

Approximate

Chi-square

values

for

interactions between indepe ndent variables source and dose of vitamin A
were calculated manually
analysis did

not allow

(Bradley 1968).
pairwi~e

However,

comparison of cell

this method of
means when

d

significant interaction was found.
Therefore, rank transformations (Conover and Iman 1981) of the data
were employed and produced homogeneous error varidnces for both average
and total liver retinol values as determined by Cochrans C homogeneity
of means test (SPSS, Inc. 1988).

The ranks were assigned by combining

all observations and ranking from the smallest value (rank 1) to the
largest value.

Tied values were assigned average ranks.

Two-way analysis

of variance was

then

performed on

the

rank

transformed data using Rummage II (Scott 1982) to test the hypothesis
that mean ranks were equal for different sources and doses and for the
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source-by-dose interactions.

This approach allowed multiple pairwise

comparisons of the differences in ranked means for independent variables
with significant £ values in the analysis of variance by source, dose,
and interaction effect.
Biological values of the carotene sources were expressed as total
retinol retained in the liver as a percentage of the retinol equivalents
administered.

The mean total liver retinol content of animals fed the

basal diet for 21 d (212.25 ll9 retinol) was subtracted from the total
liver retinol in rats fed the various vitamin A sources tu determine the
amount of vitamin A retained by each source.
vitamin

A stored

for

each

rat

was

The

percenta~e

determined

by

the

of tota 1
following

calculations:
total liver retinol (llg) by source- 212.25 llg (basal)

- - - - - - - - - - - - - - - - - - - - - - - - X 100 = % retention
retinol equivalents administered (300 or 600 RE)

Relative vitamin A activity of the carotene sources to retinyl
acetate was

evaluated

by

comparing

the

percent

retention

of each

carotene source to the percent retention of retinyl acetate.
Statistical analysis.

Experiment 2.

Growth study.

Results were

evaluated using analysis of variance procedures according to Bliss and
White (1967).

This procedure used orthogonal polynomials to determine

effects of source and dose of vitamin A on the dependent variable,
average weekly rate of growth (y).

Orthogonal polynomials are used to

determine how the characteristics of a response curve vary with changes
in

level

of the treatment;

characteristic

(growth

rate)

i.e., does

the change

in

the measured

take place in a linear, quadratic, or

higher-order function as the level

of treatment

(vitamin A source)
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increases or decreases?

Growth curves

are generally

known

to

be

quadratic; this assumption was tested in the study by evaluating the
mean linear and quadratic functions.

Interactions were used to test for

differences in the 1inearity and curvature of the response curves for
different sources of vitamin A.
In this case, for independent variable source (four categories), Bcarotene, Nantes Careless, and Beta III carrots were each compared to
retinyl

acetate.

While many orthogonal

polynomial

comparisons were

possible, these were of interest because they provided information based
on source retinyl acetate as the standard, with B-carotene, Nantes
Careless, and Beta III carrots compared as deviations from the standard.
This analysis was performed using the MANOVA command in SAS General
Linear Models (SAS Institute, Inc.
source and dose of vitamin A.

1985).

Dependent variables were

Age (d) and weight (g) at initiation of

vitamin A repletion were included as covariates in the model.
weight were hypothesized to be significantly correlated.

Age and

A test of the

interaction of the covariates with the main effect variables determined
that the interactions were not significant at the level

~

5 0.05, and,

therefore, age and initial weight could both be included as covariates
without encountering problems of multicollinearity (Appendix J).
Tests of homogeneity of variance were performed on the composite
liver retinol values using SPSS-X (SPSS-X 1988).
Cochrans C were significant

at~ ~

should be used on this data set.
variance was

0.05, indicating nonparametric tests
Kruskal-Wallis one-way analysis of

performed using SPSS-X

variable was average

liver

Both Bartlett-Box and

retinol

(SPSS-X
(~g

1988).

retinol/g

The dependent
liver),

independent variables were source and dose of vitamin A.

and the
Unbalanced
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data

sets

prohibited

two-way

analysis

variable interactions to be calculated.

of variance

of

independent
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RESULTS
Nutrient Composition of Carrots
The results of macronutrient analyses for Nantes Careless and Beta
III carrots are presented in Table 9.
statistical comparisons were made.

These data are descriptive; no

Although there were some notable

differences between the carrot types, both were similar to data in ARS
USDA Handbook No. 8-11 (1984).

One of the most obvious differences

between the carrot types was in moisture content, with Beta III lower
than Nantes Careless and Handbook No. 8 values.

Beta III was expected

to contain more lipids because of increased carotene content; however,
there was little difference between the carrot types, but both contained
more lipids than the USDA f ood composition table.
The greatest difference between carrot types was in carbohydrate
content.

Beta III contained considerably more carbohydrates, which had

a direct influence on caloric content.

Both carrot types contained less

total carbohydrate than values reported in the food composition tables.
This may be a reflection of the results of actual analysis versus
determination by subtraction, which was used to determine carbohydrate
content in the USDA food composition table.

Beta III carrots also

contained more protein but less fiber and ash than Nantes Careless on a
dry-weight basis.
Individual

sugar

presented in Table 10.

composition

of

the

carbohydrate

fraction

is

The sugar profi 1e of Nantes Core 1ess was very

similar to data reported in the literature, although total sugars, and
especially sucrose content, were below reported values.

The sugar
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Table 9.

Macronutrient composition of carrots 1

Nantes Careless

Handbook No.

Beta III

8

2

Amount in g/100 g edible dry wt or fresh wt

Nutrient
Dry wt
Water

Fresh wt

Dry wt

87.81

Fresh wt

Dry wt

Fresh wt
87.79

84.42

11.36

1.38

13.55

2.11

8.44

1.03

4.03

0.49

4.32

0.67

1.56

0.19

Carbohydrate

39.30

4.88

46.80

7.38

83.10

10.14

TDF (Simplified)

23.30

2.90

18.40

2.90

TDF (AOAC)

24.90

3.09

20.10

3.17

8.52

1.04

7.17

1.12

7.13

0.87

Protein
Lipid

Ash
Kcals

9.29
239

1.13 .
29

280

44

380

43

1

Duplicate or triplicate values determined from composite freeze-dried

samples:
carrots.
2ARS ( 1984).

Nantes Careless, approx.

15 carrots;

Beta III, approx.

10
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Table 10.

Sugar content of carrots 1

Amount in g/100 g edible dry wt or fresh wt
Carrot

Fructose

Glucose

Sucrose

Total

Dry wt

7.46

7.19

24.60

39.30

Fresh wt

0.93

0.89

3.06

4.88

Dry wt

1. 37

1.34

44.10

46.80

Fresh wt

0.22

0.21

6.95

7.38

7.16

8.03

32.10

47.30

Fresh wt
Carrots, raw 3

0.82

0.92

3.68

5.42

Fresh wt

0.80

0.80

3.80

5.40

Nantes Coreless

Beta III

Nantes Long Strain 2
Dry wt

1Duplicate

values

determined

from

composite

freeze-dried

samples:

Nantes Core less, approx. 15 carrots; Beta III, approx. 10 carrots.
2Lee et al. 1970.
3southgate et al. 1978.
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profile of Beta III was very different frum Nantes Careless and reported
literature values, with sucrose content nearly twice the amount present
in Nantes Careless.

This evaluation provides evidence for the sweeter

taste associated with Beta III.

In contrast, fructose and glucose

quantities in Beta III were about five times less than quantities in
Nantes Careless or reported literature values.
Carotene content of carrots used in the animal studies is presented
in Tables 11 and 12.

Both Beta III and Nantes Careless carrot seeds

were planted two consecutive years.

Carrots harvested from the first

planting were stored for about 9 mo and used in the liver storage assay.
Carrots harvested from the second planting were stored for about 1 mo
and used in the growth study.

Beta III carrots were grown in both

Wisconsin and Utah the second year; the Wisconsin Beta III carrots were
available f or use in the growth study first but were not mature, as
evidenced by root size.

As Utah-grown Beta III carrots matured, they

were used in the growth study.
a-

and s-ea rotene comprised greater than 90% of the tot a 1 carotenes

present in both carrot cultivars harvested both years.

Figures 2 and 3

show typical HPLC chromatograms of Nantes Careless and Beta III carrot
extracts.

Beta III carrots used in the liver storage assay contained

three times more carotenes than Nantes Careless carrots.
of a-carotene to

The ratios
Nantes

s-carotene differed between the cultivars.

Careless was 34% a-carotene to 66% S-carotene, a ratio of

=

0.5 a-

carotene to S-carotene; while Beta III was 45 % a-carotene to 55 % s carotene, a ratio of

=

0.8, mostly due to greater a -carotene content.

Visual comparison of the carrot cultivars is shown in Figure 4.
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Table 11.

Carotene content of carrots fed in liver storage assay 1

Amount in mg/100 g edible dry wt or fresh wt
Carrot
a-Carotene
Nantes Coreless:
Dry wt
Fresh wt
Beta III:

a-Carotene/ S-Carotene ratio:
18.60 (15.5)
2. 28

( 1. 9)

Total

S-Carotene
34/66

0.5

35.80

(59.7)

54.40

(75.2)

4.40

(7.3)

6.68

(9.2)

a-Carotene/ S-Carotene ratio:

45/55

=

0.8

Dry wt

73. 90 ( 61. 6)

90.90 (152.0)

Fresh wt

11.50

14.20

( 9. 6)

=

(23.7)

1
Retinol equivalents (RE/g) shown in parentheses.

164.80 (213.0)
25.70

(33.3)

First-year harvest;

average of duplicate analyses of stored, grated, composite carrot
samples:
carrots.

Nantes Coreless, approx. 25 carrots; Beta III, approx. 18
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Table 12.

Carotene content of carrots fed in growth study 1

Amount in mg/100 g edible dry wt or fresh wt
Carrot
a-Carotene
Nantes Careless:
Dry wt

a-Carotene/ s-Carotene ratio:
45.60 (38.0)

Fresh wt

8-Carotene

5.56

(4.6)

12.95

a-Carotene/ s-Carotene ratio:

Dry wt

51.20 ( 42. 7)
~vt

7.98

(6. 7)

30/70 = 0.4

106.20 (177 .0)

Beta I II (WI):

Fresh

Total

151.80 (215.0)
18.51

(21.6)
41/59 = 0.7

74.60 (124.0)
11.62

Beta III ( UT):

a-Carotene/ s-Carotene ratio:

Dry wt

77.20 (64.3)

Fresh wt

12.02 (10.0)

125.80 (167 .0)
19.60

(19.4)

(26.1)

37/63 = 0.6

131.90 (220.0)
20.55

(26.2)

(34.3)

1Retinol equivalents (RE/g) shown in parentheses.

209.10 (284.0)
32.57

(44.3)

Second-year harvest;

stored, grated, composite carrot samples were prepared several times;
values are an average of duplicate analyses of the composite samples:
Nantes Careless, each composite, approx. 12 carrots; Beta III, each
composite, approx. 8 carrots.
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Figure 2.

HPLC chromatogram of Nantes Careless extract.
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Figure 3.

HPLC chromatogram of Beta III extract.
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Figure 4.
Left:

Visual comparison of carotene content in carrots.

Nantes Careless
43.1

~9

a-carotene+ 80.6

~g

B-carotene

y fresh carrot

Right:

Beta III
153.5

~g

a-carotene + 170.3
g fresh carrot

~g

B-carotene
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The carotene content of roots harvested the second year was yreater
than the carotene content of roots harvested the previous year.

In

Nantes Careless carrots, both a- and s-carotene contents more than
doubled.

Immature Beta

III carrots from the Wisconsin harvest had

similar carotene contents and a -carotene to s-carotene ratios to Beta
III

carrots harvested the previous year.

However, mature Beta

III

carrots harvested later the second year from Utah contained nearly twice
the amount of carotene, especially s-carotene.

The carotene proportions

in these carrots changed slightly to 37 % a -carotene to 63 % s-carotene, a
ratio of

=

0.6, similar to the Nantes Careless carrot ratio.

There was

considerable variability in carotene content within carrot cultivar.
This was observed visually as well as by chemical analyses.

In Nantes

Careless carrots harvested the second year, a-carotene values ranged
from 3.3-7.6 mg/100 g fresh weight, and S-carotene values ranged from
9.0-17.0 mg/100 g fresh weight.

Mature Utah-grown Beta III carrots from

the second-year harvest contained carotenes ranging from 10.7-14.0 mg acarotene/lOG g fresh weight and 18.5-23.7 mg s-carotene/100 g fresh
weight.
Animal Experiments
Experiment 1.

Liver Storage Assay

A typical HPLC chromatogram of a liver extract is shown in Figure
5.

A graph depicting liver retinol depletion of control rats fed the

basal

diet throughout the study is shown in Figure 6.

These data

represent the average of two or three rat 1ivers for each data point.
Raw data values can be found in Appendix K.
deplete

rapidly

at

first,

but

Liver stores appeared to

mobilization

slowed

as

liver
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Figure 5.

HPLC chromatogram of liver retinol extract.
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diet.

Liver storage assay:

liver retinol depletion during basdl
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concentrations were diminished.

Chemical analysis of the basal diet did

not detect vitamin A, a.-carotene, nor s-carotene; and the depletion
response verified that there was little or no vitamin A source present
in the basal diet.
The results of the analysis of variance and estimated means for
liver weight in the experimental study are presented in Tables 13 and
14.

There were no significant differences (p::: 0.05) in liver weights

due to source or dose of vitamin A fed.
Table 13.

Analysis of variance for liver weight by source and dose of

vitamin A

df

Mean square

F ratio

Significance of F

Source (A)

3

0.426

0. 722

0.542

Dose (B)

1

0.228

0.488

0.487

I nteraction (AB)

3

0.705

1.194

0.318

Residual

72

0.590

Total

79

0.585

Source of variation

The results of the analysis of variance on original data, the
nonparametric analysis of variance, and the analysis of variance on
ranked transformed liver retinol storage data were similar.

Because of

heteroscedasticity of error variances in the original data, the analysis
of variance of the rank transformed data was considered the most valid.
The original raw data can be found in Appendix L.
The rank transformed analyses of variance for average and total
liver retinol are presented in Tables 15 and 16 and group means in
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Table 14.
vitamin A

Estimated means for 1iver weight (g) by source and dose of
(~ =

10)

Source

Dose

Mean

SO of mean

Retinyl acetate

300 RE

10.91200

0.24295

Retinyl acetate

600 RE

10.41000

0.24295

s-Carotene

300 RE

10.33700

0.24295

s-Carotene

600 RE

10.36400

0.24295

Nantes Careless

300 RE

10.29000

0.24295

Nantes Core less

600 RE

10.62500

0.24295

Beta I I I

300 RE

10.79700

0.24295

Beta III

600 RE

10.45700

0.24295

*No significant differences were noted at the £.

=

0.05 1eve 1 .
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Table 15.

Analysis of variance for rank transformed average liver

retinol by source and dose of vitamin A

df

Mean square

F ratio

Significance of F

Source (A)

3

2166.900

5.966

0.001

Dose (B)

1

7392.013

20.351

0.000

Interaction (AB)

3

871.479

2.399

0.075

Error

72

363.227

Total

79

539.994

Source of variation

Table 16.

Analysis of variance for rank transformed total liver retinol

by source and dose of vitamin A

Source of variation

df

Mean square

F ratio

Significance of F

Source (A)

3

3054.358

8.472

0.000

Dose (B)

1

5313.800

14.739

0.000

Interaction (AB)

3

739.608

2.052

0.114

Error

72

360.518

Total

79

539.911

Tables 17 and 18, respectively.

For both average and total

liver

retinol, main effects of source and dose of vitamin A were found to be
s ignificantly different at level .2.

~

0.05.

Significant LSD pairwise

comparisons of the estimated means for vitamin A sources across dose
were noted only for retinyl acetate with all other sources.
the cast for both average and total liver retinol.

This was

No other significant
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Table 17.
vitamin A

Average liver retinol means (llg/g) by source and dose of
(~ =

10)

SO of mean

Source

Dose

Mean

Retinyl acetate

300 RE

36.96a

3.94

Retinyl acetate

600 RE

57.60b

11.06

B-Ca rotene

300 RE

31. 73a

6.41

B-Carotene

600 RE

39.29c

9.85

Nantes Core less

300 RE

36.95ad

3.07

Nantes Core less

600 RE

38.94cd

6.10

Beta I I I

300 RE

36.15ae

4.37

Betd I I I

600 RE

38.10ce

3.82

a-e Different superscripts denote significant pairwise differences at the
level £.

~

0.05.
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Table 18.
A (.!:!_

=

Total liver retinol means

(~g)

by source and dose of vitamin

10)

Source

Dose

Mean

SO of mean

Retinyl acetate

300 RE

403.49a

48.39

Retinyl acetate

600 RE

594.73b

91.24

S-Carotene

300 RE

328.llc

72.96

S-Carotene

600 RE

408.90d

110.51

Nantes Core less

300 RE

380.02ace

36.51

Nantes Core 1ess

600 RE

416.12de

87.86

Beta III

300 RE

389.07acf

45.17

Beta I I I

600 RE

396.76df

36.34

a-e Different superscripts denote significant pairwise differences at the
1eve 1

.e. s 0. 05.

69
differences among sources were noted.

Likewise, pairwise differences of

the estimated means for vitamin A dose across source were significantly
different for both average and total liver retinol.
Ranked analyses of variance have less power to detect significant
differences

(Snedecor

and

Cochran

1980);

and

although

interaction

effects of the rank transformed data were not significant at

.e. :

0.05

for average and total liver retinol, both analysis of variance of raw
data and nonparametric tests demonstrated a significant interaction.
Therefore, multiple pairwise comparisons were performed to

identify

group differences.
Graphical presentation of the average 1 iver retinol response by
source

and

dose

differences (.e_

~

of vitamin A is

shown

in

Figure 7.

Significant

0.05) due to dose were demonstrated for retinyl acetate

and s -carotene but not for the carrot types Nantes Coreless nor Beta
III.

Comparing

sources

significant differences

average

liver

retinol

(Table

17),

(.e_ ::: 0.05) were apparent only at the 600-RE

dosage level.

Retinyl

other

A sources

vitamin

for

acetate was significantly different from all
at

the

600-RE

level,

but

there

were

no

differences among the other sources at this level.
Graphical presentation of total liver retinol response by source
and dose of vitamin A is shown in Figure 8.
(.e_ S 0.05)

due to dose occurred in sources

carotene but not in the carrot types.
differences (.e_

~

Significant differences
retinyl

acetate and

In comparing sources, significant

0.05) were found at both dosage levels (Table 18).

the 300-RE dose, reti nyl

s-

At

acetate was different from s-carotene, but

retinyl acetate was not different from the carrot sources.
was a 1so not different from the carrot sources.

s-Carotene

At the 600-RE dose,
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Liver storage assay:

by source of vitamin A.

average liver retinol ().lg/g) for dose
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Liver storage assay:

source of vitamin A.

tota 1 1i ver ret i no 1 ( ll 9) for dose by
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retinyl acetate was different from all other sources, but there were no
differences among the other sources.
The percentages of total retinol retained or stored in the liver by
the vitamin A sources at dosage levels 300 and 600 RE are presented in
Figure 9.

These results are similar to the results of the analysis of

variance.

At the 300-RE dose,

both carrot sources produced liver

retinol retention similar to the retinyl acetate source.

Liver retinol

retention in rats fed B-carotene was not as great as retention in rats
fed the other sources at this dose.
sources

relative

following:

to

retinyl

Vitamin A activity of the carotene
acetate

was

calculated

as

the

B-carotene, 60.6%; Nantes Coreless, 87.8%; and Beta III,

92.5 %.
At the 600-RE dose, retinyl acetate contributed the same percentage
of stored 1 iver retinol as at the 300-RE dose.

The carotene sources

were similar to each other in the amounts of stored liver retinol;
however, all produced about half as much of the stored liver retinol as
rats fed retinyl acetate.
relative

to

retinyl

Vitamin A activity of the carotene sources

acetate

dropped

to

B-carotene,

51.3%;

Nant~s

Coreless, 53.2 %; and Beta III, 48.0%.
Experiment 2.

Growth Study

Liver retinol concentration of control rats maintained on basal
diet or regular feed
presented in Table 19.

(adequate vitamin A) throughout the study is
The variability in liver retinol values from

these rats means the data would be misrepresented by averaging the
values and presenting in graphic form.

However, the same trend was

observed in depleting rats in this study as in the liver storage assay:
liver

stores

depleted

rapidly

at

first,

then

slowed

as

stores
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Liver storage assay:

Retinyl Acetate
Beta -carotene
Nantes Careless
Beta Ill

600 RE

total retinol retained by the liver as

a percentage of the retinol equivalents administered.
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Table 19.

Experiment 2.

Growth study.

Liver retinol concentration in

rats fed basal diet or regular diet

Age (d)

Days on diet

J.l9

retinol/g

Liver wt

Total retinol

Basal diet
29

7

33.95

6.48

220.0

29

7

33.70

5.09

171.5

29

7

20.81

5.25

109.5

55

33

1.54

9.30

14.3

60

38

1.21

10.90

13.2

60

38

16.78

6.10

102.4

106

84

(NO)

5.60

(NO)

113

91

(NO)

9.40

(NO)

113

91

1.49

10.20

15.2

Regular diet

NO

60

39

101.30

14.60

1478.5

113

92

381.00

12.60

4800.9

113

92

540.40

8.80

4755.4

=

None detected.
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diminished.

No detectable liver retinol

in some of the rats also

verified the lack of vitamin A sources in the basal diet.
Animals in the experimental study reached weight plateau in 7-9 wk,
which was longer than 3-6 wk described by Bliss and Roels (1967).
During the depletion phase many animals also developed respiratory
illness symptoms, such as sneezing and rale, indicative of vitamin A
deficiency.

Feed intake did not appear to decline during the depletion

stage, and no other deficiency symptoms were noted.
The growth study was evaluated using analysis of variance for the
main effects of source and dose of vitamin A and age (d) and weight at
initiation of repletion (w ) as covariates, on the dependent variable
0
(y), average weekly weight gain. Both parameters, age and w0 , were
significant (£ = 0.0001, £ = 0.0009, respectively) determinants of
average

weekly

growth

rate

(y)

and

were

retained

in

the

model.

Estimated cell means of growth rate (y) by vitamin A source and dose are
presented in Table 20.

Growth response curves for vitamin A source by

dose are displayed in Figure 10.
The results of the orthogonal polynomial analysis of variance are
presented in Table 21.

The mean responses of precursor vitamin A

sources 8-carotene, Nantes Careless carrots, and Beta III carrots were
compared to the mean response of retinyl acetate as the standard source
(Table 21).

Nantes Careless carrot was the only vitamin A source whose

overall mean significantly differed (£
retinyl

acetate.

=

0.006) from the overall mean of

This is probably due to the low mean (y)

value

observed at the 3- and 12-RE/d doses of Nantes Careless.
The evaluation of dose effect on y was determined by comparing (1)
the s 1ope of the 1i near response over a 11 sources ( H0 :

s 1ope

=

0) and
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Table 20.

Average weekly growth rate means by vitamin A source and dose

(..Q. = 16)

Source

Dose

Mean

SO of mean

Retinyl acetate

3 RE

12.460

2.389

Retinyl acetate

6 RE

13.938

3.227

Retinyl acetate

12 RE

12.489

3.234

Group average

12.962

s-Ca rotene

3 RE

11.765

3.343

S-Carotene

6 RE

13.416

2.783

s-ea rotene

12 RE

13.333

2.581

Group average

12.838

Nantes Core less

3 RE

10.087

2.646

Nantes Core less

6 RE

13.164

2.628

Nantes Core less

12 RE

12.100

4.068

Group average

11.784

Beta III

3 RE

10.732

2.825

Beta I I I

6 RE

11.839

1.665

Beta III

12 RE

13.230

3.038

Group average

11.934
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Table 21.

Orthogonal polynomial analysis of variance for average weekly

weight gain (y) by source and dose of vitamin A, controlled by age and
weight at initiation of vitamin A repletion

Source of variation
Within cells
Regression

df

Mean square

178

5.27

2

296.70

F value

Significance
of F

56.35

0.000

Comparison of sources
8C vs RA (A)*

1

1.83

0.35

0.556

NC vs RA (B)*

1

41.27

7.84

0.006

B3 vs RA (C)*

1

11.93

2.27

0.134

Slope, linearity (D)

1

86.30

16.39

0.000

Curvature, quadratic (E)

1

23.10

4.39

0.038

Interaction (AD)

7.04

1.34

0.249

Interaction (AE)

3.12

0.59

0.443

Interaction (BD)

13.33

2.53

0.113

Interaction (BE)

2.35

0.45

0.505

Interaction (CD)

27.27

5.18

0.024

Interaction (CE)

18.36

3.49

0.063

* BC = B-Carotene, RA

III.

retinyl acetate, NC

=

Nantes Careless, B3

=

Beta
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(2) the linearity or curvature of the response over all sources (H 0 :
response

is

linear).

This

is

shown as

Slope,

linearity

(D)

and

Curvature, quadratic (E), respectively, in the analysis of variance
Table 21.
Both slope and curvature were significant, which translates into
(1)

reject the nu 11 hypothesis and cone 1ude that the s 1ope of the

response over a 11 sources was not equa 1 to zero; therefore, as dose
increased from 3 RE/d to 12 RE/d, the average weekly weight gain also
increased; (2) reject the null hypothesis and conclude that the response
over all sources deviated from linearity and can best be described by a
quadratic function.

These results suggest that the dose 12 RE/d is

greater than the requirement for growth.
Comparison of the standard retinyl acetate slope and linearity to
each of the vitamin A sources was investigated by orthogonal polynomial
interactions.

These

provided

understanding

better

bioavailability of the vitamin A from each source.

of

the

The growth responses

of rats fed vitamin A sources supplied by s-carotene and Nantes Coreless
carrots were the same as the growth response of rats fed retinyl
acetate, because the slopes of their response curves and deviations from
linearity were not significantly different.

The growth responses of

rats

carrots,

fed

vitamin

A supplied

by

Beta

III

however,

were

significantly different from the responses of rats fed retinyl acetate,
as demonstrated by differences in slopes (Q
deviation from linearity (Q

=

0.063).

=

0.024) and differences in

In order to calculate the potency

of each vitamin A source relative to retinyl acetate, linearity of the
response curves must be assumed.
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The

evaluation

of

composite

slightly different results.

liver

retinol

concentrations

shows

Results of the nonparametric analysis of

variance are presented in Table 22, and estimated means are presented in
Table 23.
Both source and dose of vitamin A significantly affected liver
retinol

concentrations

(£.

=

0.0349,

0.0000,

respectively).

For each

vitamin A source, increased amounts of vitamin A produced significantly
increased liver retinol concentrations.

This result would be expected

if each vitamin A dose provided more than the rats
tissue

maintenance.

The

liver

correlated with vitamin A dose.
produced significantly different

retinol

stores

1

needs for growth and
would

be

positively

For each dose level, vitamin A sources
liver

retinol

concentrations.

This

suggests that vitamin A availability differs among the sources but is
also influenced by the needs of the rat.
the

Additional information about

interaction of source and dose is not available because of the

unbalanced data set.
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Table 22.

Kruskal-Wallis one-way analysis of variance for composite

liver average retinol

Source of variation
Source
Dose

(~g/g)

by source and dose of vitamin A

Chi s4uare

Significance of Chi square

8.6101

0.0349

32.5360

0.0000

Source by dose
Dose

3 RE

7.9051

0.0480

Dose

6 RE

10.2292

0.0167

Dose 12 RE

13.1765

0.0043

7.2121

0. 0272

B-Carotene

12.5000

0.0019

Nantes Coreless

11.0829

0.0039

6.5434

0.0379

Dose by source
Retinyl acetate

Beta I II
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Table 23.

Estimated means for composite liver average retinol (ll g/g) by

source and dose of vitamin A

Source

Dose

Mean

SO of mean

Retinyl acetate

3 RE

0.189

0.035

Retinyl acetate

6 RE

0.338

0.114

Retinyl acetate

12 RE

6.886

0.904

B-Carotene

3 RE

0.298

0.235

B-Carotene

6 RE

1.328

0.186

B-Carotene

12 RE

5.296

0.422

Nantes Core less

3 RE

0.085

0.031

Nantes Core less

6 RE

0.200

0.051

Nantes Core less

12 RE

1.406

0.348

Beta III

3 RE

0.098

0.068

Beta III

6 RE

0.134

0.041

Beta I I I

12 RE

1.434

0.047

83

DISCUSSION
Carrot Composition
The

macronutrient

composition

of

Nantes

Careless

carrots

as

determined in this study was, for the most part, consistent with values
found in the literature (ARS 1984).

Carbohydrate content was lower than

what is usually reported; most of this difference was due to lower
amounts of sucrose.

Determination of carbohydrate by subtraction of

percentages of water, protein, fat, and ash from 100% of sample weight
includes crude fiber in the carbohydrate value and, thus, produces
erroneously high carbohydrate values in the reported table values.
Specific carrot cultivar, maturity of roots, and environmental growing
factors may contribute to differences in carbohydrate composition (ARS
1984).

In general, total sugar values tend to be fairly consistent in

vegetables; however, the proportions of the free sugars (fructose,
glucose, and sucrose) vary greatly (Southgate et al. 1978).
In contrast, the macronutrient content of Beta III carrots showed
more differences from reported food composition data (ARS 1984) than
Nantes Careless.

Beta III contained more total solids comprised of

protein, lipids, and especially more total carbohydrates than Nantes
Careless owing to the high amount of sucrose.

The proportions of free

sugars in Beta III were markedly different from Nantes Careless and
literature

values.

Genetic

differences

in

cultivars,

along

with

environmental growing factors and root maturity, may be responsible for
the differences observed (ARS 1984).

The differences in composition

(with the exception of carotene content) were not considered to affect
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the basal diet of the experimental animals.

Even in animals fed the

highest amounts of carrots, total calories were increased by a maximum
of 6 calories.

(Daily caloric intake was approximately 80 kcal; 10 g of

basal diet contained about 38 kcal, plus carrots [1-6.4 kcal], equals
39-44.4 kcal in supplemented feed for a total of 78-82.4 kcal/d).
In this study, carotene content of Beta III carrots was at least
twice the amount present in the commercial carrot, Nantes Cureless.
Comparison to food composition tables is not valid for the following
r easons:

(1) methods used in analysis of data for the tables do not

separate the carotenoid components, so the total is calculated as f3 carotene, which overesti mates the vitamin A value; and (2) HPLC methods
of analysis used in this study are more accurate than AOAC methods used
in food consumption tables because HPLC

is more efficient, faster,

allows less time for sample oxidation and degradation, and provides
separation of individual carotenoids for proper vitamin A calculation.
Many factors
among

cultivars.

contribute to the variability in carotene content
Several

genes

responsible for carotenogenesis
Gabelman

1979).

The

genetic

have

been

identified

(Blattna et al.
traits

influence

1976,

that

are

Buishand and

individual

carotene

composition, affecting ratios of a-carotene to B-carotene as well as
total carotene content.

In fact, Beta III was genetically manipulated

to produce greater carotene content for processing color and vitamin A
value

(Peterson and Simon 1988).

Also,

large differences

in total

carotenoids may exist within inbred lines (Buishand and Gabelman 1979),
contributing to the variability observed.
Environmental factors such as temperature and length of growing
season also contribute to carotene synthesis.

High temperatures during
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the growing season favor carotenogenesis (Blattna et al. 19 i76).

The

second year of planting both carrot cultivars was unusually warm in both
growing locations and probably contributed to the increased carotenoid
content observed from the second harvest.

Buishand and Gabelman (1979)

have also observed increased ca rutenoi d content in successive years,
suggesting seasonal influence on synthesis.

A long growing season that

produces full maturity of the carrot roots will also produce maximum
carotene content (Blattna et al. 1976, Simon and Wolff 1987).

This was

particularly evident in the case of Beta III; immature roots grown in
Wisconsin had similar carotene contents to roots from the first harvest
but considerably less than roots from the same seed stock and growing
season produced in Utah but fully matured.
Other environmental factors that have less effect on carotenoid
content include soil type, humidity, pH, and presence of fertilizers,
herbicides, and insecticides (Blattna et al. 1976, Klaui and Bauernfeind
1981).

After the roots are harvested, handling and storage can affect

carotenoid content; carotenoids increase during refrigerated storage to
a maximum level then decrease, and the a-carotene to B-carotene ratios
change (Klaui and Bauernfeind 1981).
The distribution of carotenoids within the root varies from greater
concentration of s-carotene in the outer layer and crown

to lesser

amounts within the carrot tissue and to the tip (Blattna et al. 1976).
Since all carrot samples prepared in this study were peeled and the
remaining root grated in a blender, carotene distribution should not
have affected any results.
Finally, it is not known if there are other compou mds such as
toxicants present in Beta III that may affect carotenogenesis or the
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availability or util1zation of the carotenes as vitamin A.
been

unsubstantiated

several

reports

of adverse and toxic effects
(Mathews-Ruth 1981,

associated with a large consumption of carrots
Nieman

1954),

and Obbink

identified.

but

There have

the components

responsible were

Also, consideration should be given to the increased

carotene content in Beta III.

not
a-

The a-retinol produced as a-carotene is

cleaved in half is not utilized as vitamin A and, instead, accumulates
in the liver (Pitt 1978).

It is not known whether ingestion of large

quantities of a-carotene from carrots produces toxicity over a long
period of time.
macronutrient

It

is also unknown if the observed differences in

composition

of

Beta

III

affect

the

availability

or

liver storage assay was a slope-ratio assay designed

to

utilization of the carotenes as vitamin A.
Anima 1 Experiments
Experiment 1.
The

Liver Storage Assay

determine the potency of unknown sources of vitamin A by comparing the
slopes of the unknown response curves to the standard, retinyl acetate.
The method assumes the slopes are similar (i.e., not significantly
different), not equal to zero, and that the response curves are linear.
Results from this study did not conform to these assumptions, so potency
calculations based on
Comparisons

among

the ratio of the slopes were not possible.

sources

and

doses were

provided

by analysis of

variance and percentages of stored liver retinol.
Liver stores of vitamin A in

rats

fed

the standard,

acetate, nearly doubled when the dose was doubled.

retinyl

Since both dosages

(300 RE and 600 RE) fed over the consecutive three-day

~eriod

were at
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least 100 times the amount needed for growth, the accumulation of liver
retinol in relation to dose was expected.

Liver retinol accumulation

relative to dose was not observed in the other sources.

All sources,

including retinyl acetate, provided similar liver retinol stores at the
300-RE dose, but the carotene sources did not significantly increase
liver vitamin A content when fed at the higher dose, 600 RE.

In fact,

with the carrot sources, liver retinol stores at the 600-RE dose were
the same as those produced at the 300-RE dose level.

These results

suggest that mechanisms for absorption or conversion of carotenes in
excess of needs are preventing additional vitamin A accumulation.

This

is compatible with observations that a -carotene is nontoxic.
The significantly lower level of liver vitamin A present in rats
fed a-carotene at the 300-RE dose compared to carrot sources at the same
dose suggests that the a-cdrotene present in the carrot sources may be
contributing more to vitamin A conversion than the original calculations
predicted.

That this effect was not observed at the 600-RE dose may be

due to the fact that the higher amount was very much in excess of needs.
In addition, the cleavage of a-carotene results in the formation of
retinol and a -retinol, both of which are stored in the liver (McAnally
and Szymanski

1966, Pitt 1978).

a -Retinol

does

not support growth

(Sneider et al. 1974), partly because it does not bind to apo-RBP for
transport to tissues (Muhilal and Glover 1975, Pitt 1978).
likely to be extracted along with retinol

a -Retinol is

from the saponified liver

sample, but HPLC conditions may not have separated these two compounds
for accurate analysis.

Therefore, the high liver retinol storage in

rats fed carrots may be a combination of both retinol and a-retinol,
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which would overestimate the actual vitamin A potency of the carotenoids
from carrots.
The results of the 1i ver storage assay suggest the carotenes in
both carrot cultivars are as biologically available as purified Scarotene and retinyl acetate at the 300-RE level fur storing vitamin A
when needs are met.

The carrot cultivars are also equivalent to

purified S-carotene at the higher dosage level.

However, if the 1iver

retinol storage in rats fed carrots is both retinol and a-retinol, the
liver storage may overestimate the vitamin A potency because a -retinol
cannot be transported to the tissues and, therefore, is not biologically
active as vitamin A.
Experiment 2.
The

Growth Study

curative

physiological

growth

assay

for

vitamin

need for vitamin A for growth.

A is

based

on

the

Weanling animals are

depleted of vitamin A stores as determined by a plateau in weight gain.
During the subsequent repletion phase (4 wk), animals gain weight at a
rate relative to the vitamin A dose administered.
In this study, vitamin A depletion to the weight plateau stage
occurred in 7-9 wk, which was somewhat longer than the plateau stage
reported

in

other studies

(Bliss and

Roels

Underwood 1987) but not considered abnormal.
could be explained by the following:

1967, Wallingford and

The longer depletion phase

(1) mothers and offspring animals

from the breeding laboratories were provided with nutritionally adequate
feed, producing healthy animals with good liver vitamin A stores; and
(2) weanling animals used in the study spent 1-3 d in quarantine, where
they received a nutritionally adequate diet including vitamin A, which
helped to boost their liver stores.

It is unlikely that the basal diet
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fed during the depletion phase contained small amounts of some vitamin A
source, as none was detected by HPLC analysis, and liver retinol
depletion was monitored.
The longer weight plateau stage was of concern because the animals
should still be in their growth phase during vitamin A repletion.

In

the statistical analysis of the growth rate data, both age and weight at
initiation of repletion were included as covariates to control for these
factors.
The health of the animals was monitored throughout the study.
Animals arrived at approximately 21 d old, and the 2-d quarantine period
indicated that they were all healthy.
the basal

However, after about 2-3 wk on

diet, many of the animals developed respiratory illness

symptoms, such as sneezing and rale.
symptoms disappeared.
with the ill
symptoms.

After vitamin A repletion began,

Animals in other studies housed in the same room

rats did not exhibit any of the respiratory illness

Discussions with the LARC supervisor suggested the animals

contracted a latent virus or bacterial infection prior to arrival at the
LARC that became exposed and exacerbated after several weeks on the
basal

diet.

respiratory

Vitamin A deficiency is
illness,

possibly

known to be associated with

through

maintenance of epithelial tissues.

the

role

of

vitamin

A in

Therefore, the symptoms developed by

the rats on the vitamin A deficient diet were likely related to their
inadequate diet.
unknown.

The effect of illness on the results of this study are

No animals died during the study; however, the utilization of

the vitamin A sources may have been altered.

Olson (1987) stated that

stresses such as infections and drugs can lower blood retinol values
without

having

any

other

apparent

effect

on

vitamin

A status.
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Alternatively, Premachandra et al. (1978) reported diminished conversion
of 13-carotene to vitamin A during deficiency and ill health.

Because

the symptoms began before animals were randomly assigned to groups, all
groups should have been similarly affected.
The graphic presentation of mean growth rates (Figure 10) and the
quadratic function determined from the orthogonal polynomials, as well
as the composite liver retinol values, demonstrate that at 12 RE/d, the
requirement

for

vitamin A is met for

nearly all

animals.

Growth

response curves are generally curvi 1i near, with lesser s 1ope observed
for doses between zero and 30% of the requirement, maximal slope for
doses 30-70% of requirement, then decreasing slope for doses between 70100% of maximal

growth (Baker 1986).

In this study, the vitamin A

requirement for growth was about 6 RE/d, which produced little liver
storage and is consistent with other reported vitamin A values for
growth (Hicks et al. 1984).

At the 12-RE/d dose, growth rate did not

continue to increase because needs were sufficiently met.
The growth study results indicate vitamin A provided by s-carotene
and Nantes Careless carrots was available and utilized for growth as
efficiently as vitamin A provided by

retinyl

acetate.

The growth

response of animals fed Beta III carrots for their vitamin A source was
different from the growth response of animals fed retinyl acetate.

This

suggests that tissue needs for growth may not have been fully met by
vitamin A from Beta III.
this observation.

There are several possible explanations for

First, it is possible that genetic differences in

Beta III composition are contributing to different utilization of the
carotenes

as

vitamin

A.

Reportedly,

carotenoids

occur

in

protein

complexes (Cheesman et al. 1967), which could affect their availability.
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Should

the

genetic

increase

of

carotenes

in

Beta

III

ctlso

result in the formation of protein complexes, one could speculate that
the

availability

of

the

mentioned,

it

acting

anti-nutrients,

as

is

carotenes

would

unknown whether Beta
which

be

III

inhibit

less.

As

previously

contains other compounds
full

utilization

of

the

carotenes.
Another area

that

requires

exploration

is

carotene on the absorption and utilization of

the

influence of a -

s-carotene.

Beta

III

carrots have increased levels of both a - and S-carotenes, and the ratios
indicate a greater increase in a -carotene content.

Due to structural

similarities, either compound could serve as an anti-oxidant to protect
the other from oxidative degradation in the intestinal lumen prior to
absorption.
fully

Additionally, the absorption process for carotenes is not

understood.

Perhaps

a-carotene

competes

with

s -carotene

for

absorption, thus reducing the availability of s -carotene for conversion
to

vitamin

A.

Alternatively,

once

absorbed,

a-carotene

could

be

competing with s -carotene for the active site on the dioxygenase enzyme
responsible for converting carotenes to retinal.

Premachandra et al.

(1978) investigated this aspect for lycopene and found no competitive
interference by lycopene for di oxygenase, even at ratios of 1 to 25
(S-carotene to lycopene).

However, a -carotene structure is more nearly

identical to s-carotene than lycopene, so the possibility of competitive
inhibition cannot be ruled out.
There are many reports that carotenes from vegetab 1e sources are
not as available as carotenes in oily solutions or purified carotene
sources

(Klaui

and

Bauernfeind

Premachandra et a 1. 1978).

1981, Medical

Research Council

1949,

Most of these results were obtai ned before
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technological

advances

in

analytical

methodology

provided

accurate

evaluation of preformed and precursor vitamin A sources and body vitamin
A

storage.

More

recently,

availability of carotenes

researchers

from

compounds administered in oil

reported

similar

vegetable sources as from

purified

(Goyal

have

et al.

Ramakrishnan 1978, Sweeney and Marsh 1974).

1984, Rajalakshmi

and

The results of this study

also suggest that carotenes from the carrot sources are as available as
from purified vitamin A sources in providing vitamin A for growth and
storage.
The reason for the different growth responses of rats fed Beta III
carrots is not clear.

If sufficient vitamin A for liver storage were

provided by a specific source, one could assume a sufficient amount
would also be provided for growth.
contradict this assumption.

The

results of these studies

Beta III carrots were able to provide

vitamin A for liver storage equivalently to other sources of vitamin A,
including purified s-carotene and retinyl acetate; yet, Beta III carrots
did not appear to provide equivalent vitamin A for growth.

It is

possible the liver storage assay overestimated biological vitamin A
activity if, in fact, a-retinol was contributing to the stored liver
retinol values.

Since Beta III contctined greater amounts of a-carotene

than Nantes Careless,

the resulting a-retinol

may reduce potential

growth, even though this is taken into account with the conversion of acarotene to retinol (12

~g

a-carotene= 1

~g

retinol).

The growth study

may be a more sensitive test than the liver storage assay because it is
based on the physiological need for vitamin A at very low levels of
intake.

However,

growth is dependent upon many other dietary and

environmental factors that are difficult to control.
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SUMMARY AND CONCLUSIONS
The development of new foods for the purpose of improving vitamin A
status is an exciting area of research.

Proper analysis, including

bioassays, is essential to confirm the benefits of genetic manipulation
for nutrition a 1 improvement.

The magnitude of vitamin A deficiency

worldwide, which contributes to blindness, morbidity, and mortality, is
persuasive for scientists of many fields to work towards a common goal
of alleviating vitamin A deficiency.
Beta III carrots offer an economical

agricultural

approach to

providing more vitamin A to populations where deficiency is prevalent.
Carrots already contribute an economical

and substantial

source of

vitamin A activity in the U.S.; their popularity in other countries
could be expanded.

As a root crop, carrots have a longer shelf life

than other carotene-rich foods such as fruits, which spoil quickly after
ripening.
The macronutrient profile of Beta III carrots demonstrates slightly
greater amounts of protein, lipids, and carbohydrates than commercial
carrots (Nantes Careless), which enhance their overall nutritive quality
without sacrificing organoleptic properties of color and flavor.

Mature

Beta III carrots contain at least twice as much total carotene as Nantes
Coreless carrots and provide vitamin A for liver storage as efficiently
as retinyl acetate, purified s-carotene, and Nantes Careless carrots.
Although Beta III does not perform the same as other vitamin A sources
for growth, the potential use of Beta III should not be dismissed.
Examination of components other than nutrients should be conducted to
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evaluate interference with absorption or conversion of the carotenes for
utilization as vitamin A.

The effects of a-carotene on S-carotene

utilization and a-retinol metabolism should be evaluated since many
foods,

especially

contain a-,

s-,

newly

developed,

carotene-enhanced

and other carotenes in a co111plex mixture.

hybrids,
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Appendix A
Automated Kjeldahl Method for Protein Determination
Digestion (in triplicate):
(1)

Weigh 0.1- 0.5-g f.d. sample into digestion tube (Labconco).
No sample added to blank.

(2)

Add 1 Tecalor Special Kjeltab, Hoganas, Sweden, (3.5 g K2so 4 ,
0.0035 g Se) to each tube.

(3)

Add 10 ml cone. H2so 4 .
Heat tube in digestion heater (Labconco) at low temperature

(4)

(dial

setting 5)

for

1 h;

then

increase temperature

to

approximately 400 ° C (dial setting 10) and heat for another
h until solution is colorless.
(5)

Remove tube from heater and allow to cool.

Add 65 ml deionized H20; sample is ready for determination.
Determination:
(6)

A Tecator Kjeltec Auto 1030 Analyzer was used to determine nitrogen
content of the digested sample.

Analysis procedures followed the

instruction manual provided with the instrument.

Nitrogen content

was calculated by the following equation:
(ml HCl*) (1 L/1 000 ml) (Normality of HC1)**(14)
- - - - - - - - - - - - - - - - - - - - - X 100 =%Nitrogen
g sample

*ml blank subtracted
**Normality of HCl
1 GEW N = 14 g/mol

= gram equivalent wt (GEW)/L;

1 GEW HCl
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Percent protein was determined by multiplying % nitrogen by 6.25,
the nitrogen

factor for vegetables

(ARS

1984).

converted to dry-weight and fresh-weight bases.

This value was
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Appendix B
Determination of Lipids
Procedure (in triplicate):
(1)

Weigh 0.5- to 2.0-g sample of f.d. carrot sample into a
Whatman extraction thimble (15 X 22 mm).

(2)

Add approximately 0.5 g clean sand.

(3)

Place thimble into Goldfisch extraction tube.

(4)

Weigh clean, dry extraction beakers (100 ml).

(5)

Add 15 ml each anhydrous petroleum ether (bp 20-40 ° C) and
diethyl ether to extraction beaker.

(6)

Attach extraction tube and beaker to Goldfisch extractor;
turn on cold water and heating element.

Allow system to

reflux overnight (12 h).
(7)

Turn

off

heating

element;

replace

extraction

tube

with

collection tube and collect solvents.
(8)

Remove beaker; evaporate off remainder of solvent and place
in 100° C oven for 5 min.

(9)

Cool in desiccator.

Return extraction tube and attach new preweighed beaker with
fresh sol vents to Go 1dfi sch extractor.

Repeat procedure for

a total of five times until solvents are colorless.
(10)

Weigh each beaker plus fat and subtract beaker weight to
determine

fat

weight.

Add

the

fat

weight

extraction process to get total fat (g).
(11)

Percent fat was calculated by the following:

from

each

112

g total fat
- - - - - X 100
g f.d. sample

=

% fat

This value was converted to dry-weight and fresh-weight bases.
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Appendix C
Determination of Dry Ash
Procedure:
(1)

Heat clean porcelain crucibles in a muffle furnace at 550 ° C
for 15 min.

(2)

Transfer crucibles to desiccator and cool to room temperature
(about 1 h).

Weigh to nearest mg.

(3)

Weigh 1- to 5-g f.d. carrot sample into crucible.

(4)

Place crucible in muffle furnace (550 ° C) and heat for 24 h
until ashing is complete (ash will be white).

(5)

Transfer crucible to desiccator to cool to room temperature.

(6)

Weigh crucible plus ash; subtract crucible weight to determine
ash weight (g).

(7)

Percent ash was calculated by the following:
g ash

- - - - - X 100
g f. d. s amp 1e
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Appendix D
Determination of Carotene Content
Extraction:
(1)

Prepare carrots as described in sample preparation.

(2) Weigh 5- to 10-g sample; place into blender.
(3)

Add 10% magnesium carbonate.

(4)

Add internal standard ( B-apo-8 1 -carotenal).

(5)

Add approximately 100-200 ml tetrahydrofu r an (THF) stabilized
with BHT .

(6)

Blend at low speed for 3-5 min.

( 7)

Pour blender contents through vacuum filter (Whatman filter
#1) and collect filtrate.

(8)

Return carrot residue and filter paper to blender and repeat
extraction process until

THF filtrate

is

colorless

(5-7

times).
(9)

Collect all THF in a round-bottom flask and evaporate using a
rotary evaporator (Buchi Rotavapor-R) at water bath temp.
30 °

(10)

c.

Dissolve residue into approximately 300 ml petroleum ether
(PE) bp 20-40 ° C.

(11)

Partition PE solution with 5% sodium chloride in a separatory
flask; shake carefully.

(12)

Remove PE from flask and repeat, partitioning fresh PE with
5% NaCl until colorless (usually 3 times).

(13)

Collect PE; dry over anhydrous sodium sulfate.
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(14)

Filter PE to remove sodium sulfate and evaporate using rotary
evaporator as before.

(15)

Dissolve carotene residue in 100- to 250-ml volumetric flask
with mobile phase while filtering through .2-micron membrane
filter (Acrodisc CR, Gelman Sciences).

Determination:
(1)

Inject 20 11 l (100 11 l full syringe) onto HPLC column (Table 1).

(2)

Integrate area of each chromatograph peak produced.

(3)

Determine concentration from standard curve.
When the area of the internal standard in the sample was at

Note:

least 95% of the average amount in the standard curve
samples, concentration was directly determined.
where it was

<

In cases

95 %, concentration was determined by the

ratio of the areas, and another extraction was performed.
Standard Curve:
(1)

Stock solutions:
A.

8-Carotene (0.3 mg/ml):

dissolve 15 mg 8-carotene (Flucka

Chemical Co., NY) with hexane in 50-ml volumetric flask.
B.

a.-Carotene (0.2 mg/ml):

dissolve 10 mg a. -carotene (Sigma

Chemical Co.) with hexane in 50-ml volumetric flask.
C.

8-Apo-8'-carotenal (0.4 mg/ml):

dissolve 20 mg 8-apo-8'-

carotenal (Flucka Chemical Co., NY) with mobile phase in
50-ml volumetric flask.
(2)

Working solutions:
A.

a.-Carotene:

dilute 1-5 ml a.-carotene stock solution with

hexane in 50-ml volumetric flask.
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B.

B-Carotene:

dilute 1-5 ml s-carotene stock solution into

50-ml volumetric flask with hexane.
C.

s-Apo-8'-carotenal:

dilute

S-apo-8'-carotenal

stuck

solution 1/10 in mobile phase.
*Determine

actual

solution

concentrations

spectrophotometrically using Beer ' s law (Ewing 1975, Table
2).

(3)

Standard curve:
Pipet 0.25, 0.50, 0.75, and 1.0 m1 of each

a-

and s -carotene

working solutions and 0.5 ml of s-apo-8'-carotenal working
solution into 10-ml volumetric flasks.

Evaporate hexane under

stream of nitrogen gas in water bath at 30 ° C.
with mobile phase.
Plot

Fill to volume

Do same procedure as in Determination.

chromatogram area

versus

carotene

concentration

and

determine linear regression curve for concentration of unknown
samples.
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Appendix E
B-Carotene Beadlet Analysis
Extraction:
(1)

Weigh approximately 200 mg beadlets into 250-ml Erlenmeyer
flask.

(2)

Add 1-2 ml warm (35 ° C) H2o and swirl to dissolve gelatin.
Heat in 35° C water bath to promote dissolution.

( 3)

Transfer with H 0 to sepa ratory flask; add NaCl to achi eve
2
approximately 5% solution.

(4)

Add about 100 ml PE and partition into PE and 5% NaCl; shake
carefully.

(5)

Remove PE to collection beaker and continue to wash NaCl
solution with PE until colorless (usually required about 13
times).

(6)

Add methanol as needed to reduce gelatin foam.

(7)

Collect all PE; dry with anhydrous sodium sulfate.

(8)

Filter PE to remove sodium sulfate; transfer to round-bottom
flask.

(9)
(10)

Evaporate PE on Buchi Rotavapor-R in 35 ° C.
Dissolve

residue

in

hexane

and

take

up

to

100 ml

in

volumetric flask.
Determination:
(1)

Dilute sample 1/50

in

hexane and check concentration in

spectrophotometer (use Beer's Law [Ewing 1975] to calculate,
Table 2).
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(2)

Pipet 1 ml sample into 10-ml volumetric flask; evaporate off
hexane with stream of nitrogen gas

in water bath.

Take

residue up to volume with mobile phase (Table 1); check purity
and concentration by injection onto HPLC column (Table 4).
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Appendix F
Analysis of Vitamin A Deficient Feed for Retinol,
Retinyl Esters, and Carotenes
Extraction:
(1)

Weigh about

10 g vitamin A deficient feed

into blender

(Waring).
(2)

Add 50 ml H2o warmed to about 35 ° C; blend at low speed 3-5
min.

(3)

Add 50 ml dendtured ethanol; blend at low speed 3-5 min.

(4)

Transfer to 250-ml separatory flask with H2o and ethanol; add
about 80 ml PE; shake carefully.

(5)

Allow layers to separate and remove PE to collection beaker.

(6)

Repeat extraction with fresh PE twice and collect PE layers.

(7)

Dry collected PE with sodium sulfate.

(8)

Filter to remove sodium sulfate and transfer to round-bottom
flask.

(9)
(10)

Evaporate PE with Buchi Rotdvapor-R in 35 ° C bath.
Dissolve residue in mobile phase and take up to 100 ml mobile
phase (Table 1).

Determination:
(1)

Inject sample onto HPLC column (Table 1).

Appendix G
Calculation of Vitamin A Content Fed in Liver Storage Assay
Retinyl Acetate:

300 RE

0.02050 g splmnt

630 000 IU

400 g feed

1 g splmnt

------x
Retinyl Acetate:

0.3 RE

9.69 RE

96.86 RE

290.58 RE

1 IU

Y feed

10 g feed

30 g feed (total fed)

x--

600 RE

0.04111 g splmnt

------x
400 g feed

630 000 IU
1 g splmnt

0.3 RE

19.42 RE

x--

194.24 RE

582.72 RE

10 g feed

30 g feed (total fed)

=

1 IU

9 feed

*Retinyl acetate beadlets were analyzed by Dr. Jerry Naso, Hoffman LaRoche, Nutley, NJ, for actual vitamin A
activity.
B-Carotene:

300 RE

0.80020 g splmnt
------ X

400 g feed

10 6 ~ g

3 g B-carotene
X

100 g splmnt

1 RE

10.0 RE

X
1 g

100.025 RE

6

~g

BC

g feed

300.075 RE
=

= ---

10 g feed

30 g feed (total fed)

>---'

N

0

B-Carotene:

600 RE

1.60076 g splmnt
------ X

400 g feed

10 6 ~ g

3 g s-carotene
X

100 y splmnt

1 RE

20.01 RE

X

1 9

=

6

~9

BC

200.095 RE
=

g feed

600.29 RE
= ----

10 9 feed

30 g feed (total fed)

* B-Carotene beadlets were analyzed by the method described in Appendix F.

,__.

,__.

N

Appendix H
Calculation of Average Weekly Weight Gain (y)
Slope of regression line:

B

1

I

(xi = x) {yi - y)

=

I (x . -x)

2

1

xi (weeks on vitamin A)
1 =0
X
=1
2
X = 2
3

X

- =0

+ 1 + 2 + 3 + 4

X

5

4 =3
X = 4
5
X

yi =weight at times w0 , w1 , w2 , w3 , w
4
y =

w
........
N
N

L (x

1 - X) (yi - y) = (0 - 2) (w 0 - w) + (1 - 2) (w 1 - w) + (2 - 2) (w 2 - w) + (3 - 2) (w 3 - w) + (4 - 2)
(w 4 - w) = -2w 0 + 2w - w1 + w + Ow 2 + Ow + w3 - w + 2w - 2w = -2w - w + w + 2w
4
0
1
3
4

- 2 = (0 - 2) 2

(x.1 - x)

L

+ (1 -

2) 2

+

(2 - 2) 2

+

(3 - 2) 2

+

(4 - 2) 2 = 4

+

1 + 0 + 1 + 4 = 10

Therefore:
L

B

1

=

(x1 - x) (y .
l

L

1n

(xi - x)

-

y)
=

-2w 0 - w1 + w3 - 2w 4
10

=

y

,_.
N

w
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Appendix I
Liver Analysis for Retinol Content
Extraction:
(1)

Weigh

0.5-g

homogenized

liver

sample

into

borosilica

disposable test tube (15 X 100 mm).
(2)

Add the following and vortex 15 sec after each addition:
0.5 ml 25 % aqueous ascorbic acid
1.0 ml 5% ethanolic pyrogallol
anhydroretinol (AR, internal standard)
0. 5 ml 60% KOH
spin fin (American Scientific)

(3)

Place test tube in 80° C water bath; put glass bead on top of
tube; turn on magnetic spin.

Heat in bath for 30 min while

stirring.
(4)

Remove test tube from bath and allow to cool.

(5)
(6)

Add 0.5-1.0 ml deionized H20; vortex 15 sec.
Add 4 ml hexane; vortex 2 min.

(7)

If emulsion occurs, break with addition of NaCl as needed.

(8)

Centrifuge 5 min in tabletop centrifuge to separate layers;
remove hexane layer to a clean test tube.

(9)

Repeat extraction with hexane; collect hexane in same test
tube.

(10)

Evaporate hexane under stream of nitrogen gas in a 30 ° C H o
2
bath.
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( 11)

Pi pet 5 or 10 ml ethanol or mobile phase into tube with
sample residue; seal with paraffin; sonicate 15 sec.

Determination:
(1)

Inject 20 )J l (100 ll l full syringe) onto HPLC column (Table 6).

(2)

Integrate area of each chromatogram peak produced.

(3)

Determine concentration from standard curve.

*Note:

When the area of the internal standard in the sample was at
least 95 % of the average amount in the standard curve
samples, concentration was directly determined.
where it was

<

In cases

95 %, concentration was determined by the

ratio of the areas.
Standard Curve:
(1)

Stock solutions:

A.

Retinol (1-1.8 mg/ml):
Chemical

Corp.,

NY)

dissolve 25-45 mg retinol (Flucka
with

anhydrous

ethanol

in

25-ml

volumetric flask.
B.

AR (.33 mg/ml):

prepare from retinol according to Dunagin

and Olson (1969).

Dissolve in 25-ml volumetric flask with

ethanol.
(2)

Working solutions:
A.

Retinol:

dilute 1 ml stock solution into 25-ml volumetric

flask with ethanol.
B.

AR:

dilute 1-3 ml stock into 50-ml volumetric flask with

ethanol.
*Determine

actual

solution

concentrations

spectrophotometrically using Beer's Law (Table 5).
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(3)

Standard curve:
Pipet 0.25, 0.50, 0.75, and 1.0 ml of retinol working solution
into 10-ml

volumetric flasks.

Add 0.5-1.0 ml

AR working

solution (adjust to produce desirable HPLC response of 100 000
area units).
in

Fill to volume with ETOH.

Determination.

concentration

and

Plot

chromatogram

determine

linear

concentration of unknown sctmples.

Do same procedure as
area

versus

regression

retinol

curve

for
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Appendix J
General Linear Models Procedure Analysis of Variance for
Covariates

Age and Weight at Initiation of Vitamin A

Repletion by Source and Dose of Vitamin A

Source of variation

df

Mean SLJUa re

F value

Significance of F

Age (A)

1

562.270

109.49

0.0001

Weight (B)

1

59.874

11.66

0.0008

Source (C)

3

15.327

2.98

0.0330

Dose (D)

2

55.004

10.71

0.0001

Interaction (CD)

6

7.937

1. 55

0.1668

Interaction (AC)

3

0.916

0.18

0.9109

Interaction (AD)

2

3.897

0.76

0.4700

Interaction (ACD)

6

8.100

1.58

0.1572

Interaction (BC)

3

0.304

0.06

0.9811

Interaction (BD)

2

9.353

1.82

0.1652

Interaction (BCD)

6

9.455

1.84

0.0945
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Appendix K
Experiment 1.

Liver Storage Assay.

Liver

Retinol Depletion During Basal Diet

Rat #

Age (d)

Days on diet

11g REOH/g

4

23

0

113.67

2.41

273.94

56.7

89

23

0

136.34

2.94

400.84

64.2

90

23

0

132.03

3.11

410.61

74.4

Average

Liver wt

Total REOH

Rat wt

361.80

127.35

36

40

17

Missing

5.54

88

40

17

36.93

7.66

282.88

162.8

87

40

17

26.26

8.06

211.66

163.3

Average

31.60

120.8

247.27

51

44

21

27.76

6.17

171.28

160.0

52

44

21

33.45

7.57

253.22

184.4

Average

30.61

212.25

12

50

27

19.34

12.73

246.20

254.9

82

50

27

18.76

7.96

149.33

175.0

Average

19.05

197.77
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Appendix L
Experiment 1.

Liver Storage Assay.

Raw Data of Average Liver

Retinol and Total Liver Retinol by Source and Dose

Retinyl acetate 300 BE
Rat#
23
14
33
03
31
53
01
ug ReOH/g
28.57
34.43
40.59
34 . 19 37 . 22
38.42 35.01
liver wt (g)
10.53
10.61
11.05
11 .85
10 . 95
11 .80
10.41
total ReOH
300 .8
365 . 3 448.5
405.2 407.6
453.4
364.5

35
64
10
41.16
39.83
40.18
10 . 93
10.22
10.77
407.1
449.9
432 . 7

Retinyl acetate 600 RE
Rat#
34
38
42
62
43
13
19
73
25
18
ug ReOH/g
67.87
52 .72
43.38
43.34
55 . 05
55 .28
52 . 87
75 .23
57 .80
72 .44
liver wt (g)
9 .02
11 . 42
11.08
10.75
10.33
10.62
10 . 14
9 . 89
10 . 94
9 .91
total ReOH
612 .2
602 .1
480 . 7
465.9
568.7
587.1
762 . 8
571 .6 578.4
717 . 9
Beta-carotene 300 BE
Rat#
78
65
75
84
46
58
66
08
71
57
ug ReOH/g
27.73
22 . 90
23.33
28.99
41.62
40 .92
35.12
33.14
30.66
32.89
liver wt (g)
10 .33
10 .34
10 .92
9.12
9.50
11.30 11 .51
9 . 71
10.73
9 .91
total ReOH
286.5
236 . 8
254 .8
264 .4 395.4
462.4
404 . 2 321 .8 329.0
325.9
Beta-carotene 600 BE
Rat#
15
72
37
24
77
86
05
07
40
30
ug ReOH/g
32.22
27 . 97
31 .84
39 . 11
28.18
59 .52 45 .7 6
46.66 39 . 07
42 .55
liver w1 (g)
10.65
9.14
10.75
9.45
9.73
9.70
11 .25
11.53
10.98
10 .46
total ReOH
343 . 1
255.7
342 . 3 369.6 274.2
577 .3 514.8
538 . 0 429 . 0
445 . 1
Nantes Coreless 300 BE
Rat #
47
6o
79
59
06
02
20
26
49
61
ug ReOH/g
38 .44
39 .86
40.84
32.77 35 .1 7
38 . 58
37.88
39.53
32 . 80
33 .6 7
liver w1 (g)
9.74
10 . 62
10 .05
10.67
10.64
9 .00
10.54
11.11
10.06
10 .4 7
total ReOH
374.4
423.3
410.4
349.7 374.2
347.2 399.3
439 .2 330.0
352.5
Nantes Coreless 600 RE
Rat #
54
09
76
70
81
28
85
ug ReOH/g
43.63
35 .40
26.43
32.25
37.25
44 .28
43 . 11
liver wt (g)
11 . 00
10.85
10.16
9.59
9 .52
10 .97
12.61
total ReOH
4 79 .9
384.1
268.5
309 .3 354.6
485.8
543.6
Beta Ill 300 BE
Rat#
17
16
69
ug BeOH/g
31.25
35 . 98
38.51
liver wt (g)
11 . 68
10.36
10.31
total BeOH
365.0
372.8
397.0

21
44
68
41 . 63
45.39
40 .06
9.54
10 .61
11 .40
397.2 481.6
456 .7

67
80
50
41
22
55
56
38.26 27 . 87
33.77 43.18
38.56
38 .85
35.26
10.16 11.15
11.83
11 .45
10.09
9.77
11.17
388.7 310.8
399 . 5 494.4
389.1
379.6
393.9

Beta Ill 600 BE
2g
45
Rat#
74
27
39
83
11
32
63
48
ug ReOH/g
31.62
39.06
38 .60
38.40 34 .32
38 . 79
38.85
44 . 06
34 .35
42 .91
liver w1 (g)
11 . 55
9.52
9.66
11.66
11.80
9.80
10.43
9.70
9.97
10.48
total ReOH
365.2
371.9
372.9
447.7 405.0
380.1
405.2
427.4
342.5
449 . 7

130

VITA
Cynthia M. Schweitzer
Candidate for the Degree of
Doctor of Philosophy
Dissertation: Chemical Evaluation and Biological Vitamin A Activity of
the Major Carotenoids in the Hybrid Carrot Beta III
Major Field:

Nutrition

Biographical Information:
Personal Data: Born at Antigo, Wisconsin, June 14, 1956, daughter
of Philip J. and Marjorie H. Schweitzer; married Les H. Ashton
August 27, 1988.
Education: graduated from Antigo High School in 1974, received the
Bachelor of Science degree from the University of Wisconsin,
Madison, Wisconsin, with a major in Food Science in 1978;
completed the requirements for the Doctor of Philosophy degree
at Utah State University, with a major in Nutrition and Food
Sciencts.
Professional Experience: 1976-77, Laboratory research assistant at
Department of Food Science, University of Wisconsin, Madison,
Wisconsin; 1977, summer, production supervisor, internship at
Schreiber Foods Co., Inc., Green Bay, Wisconsin; 1978, summer,
research assistant, internship at Uncle Ben's Rice Co.,
Houston, Texas; 1978-83, technical sales representative at
Marschall Products Division of Miles Laboratories, Inc.,
Madison, Wisconsin; 1985, instructor, introductory nutrition
at Utah State University; 1984-86, teaching assistant at Utah
State University; 1986-89, research assistant at Utah State
University.

